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41. 

ON  THE  FUNDAMENTAL  LIMITS  TO  SPEED. 

I. 

[From  "The  Engineer,"  Oct.  28,  1881.] 

Among  the  facts  which  are  so  familiar  to  us  as  not  to  command  our 
attention  are  the  limits  to  the  rates  at  which  we  can  move  over  the  surface 
of  this  earth,  or,  to  put  it  more  generally,  the  limits  to  the  rate  at  which 
terrestrial  objects  can  move.  Everyone  is  now  familiar  with  the  fact  that 
railway  trains  do  not  exceed  sixty  or  seventy  miles  an  hour;  that  steamboats 
do  not  exceed  twenty-five  miles  an  hour ;  carriages  on  ordinary  roads,  ten 
or  twelve.  The  fastest  running  animals  rarely  exceed  a  mile  in  two  minutes, 
or  the  fastest  bird  a  mile  a  minute.  That  there  are  circumstances  on  which 
these  limits  depend  must  be  generally  recognised ;  but,  while  speed  is  the 
highest  of  our  mechanical  ambitions,  how  many  of  those  who  find  themselves 
confined  for  nine  hours  between  London  and  Edinburgh  have  ever  asked 
themselves,  why  should  there  be  a  limit  to  speed  at  all  ? 

In  the  early  days  of  railroads  the  question  as  to  the  possibility  of  exceed- 
ing the  speed  of  animals  was  very  prominent ;  and  many  of  the  immediate 
circumstances  on  which  possible  speed  depends — such  as  the  strength  and 
elasticity  of  the  machine,  and  the  smoothness  of  the  road — have  since 
received  due  attention.  This  was  a  matter  of  necessity,  just  as,  in  attempt- 
ing to  gain  a  higher  standpoint  on  the  side  of  a  hill,  account  must  be  taken 
of  the  difficulties  of  the  ground  immediately  above  one.  But  such  notice  is 
a  very  different  thing  from  a  general  survey  of  the  limit  imposed  by  the 
height  of  the  hill  itself.  While  we  were  still  in  the  valley,  and  the  immediate 
difficulties  of  ascent  were  great,  our  aspirations  might  well  fall  short  of  the 
top  of  the  hill,  which  would  not  then  become  an  object  of  attention.  But 
having  toiled  up  a  great  way,  and   having  apparently  reached  a  flat,  or 
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nearly  flat,  plane  on  which  we  are  wandering  without  making  any  consider- 
able ascent,  it  cannot  but  be  a  matter  of  interest  and  importance  to  make  a   i 
more  general  exploration,  and  endeavour  to  ascertain  what  is  the  nature  i*'^ 
the  country  behind  and  above  the  clouds  which  surround  us. 

The  greatest  speeds  attained  have  not  increased  now  for  many  years. 
It  is  probable  that  the  run  from  Holyhead  to  London  is  still  the  fastest 
journey  ever  accomplished  over  so  long  a  distance,  although  the  number  of 
instances  in  which  this  speed  is  approximately  reached  are  now  numerous, 
and  continually  increasing.  With  animals  there  is  no  great  alteration — why 
should  there  be  ?  And  with  machines,  locomotives  or  steamboats,  the 
improvement  is  that  the  average  speed  more  nearly  reaches  the  maximum, 
rather  than  any  extension  of  the  maximum.  Noticing  this,  we  caimot  avoid 
the  surmise  that  the  obstruction  to  further  jidvance  arises  from  something 
more  fundamental  than  mere  economy  or  imperfection  of  mechanical  con- 
trivance. The  question  as  to  how  far  this  is  the  case  must  admit  of  an 
answer  if  the  circumstances  can  be  subjected  to  a  complete  theoretical 
examination.  The  problem  is  very  complicated,  and  it  may  well  be  doubted 
whether  our  knowledge  of  the  circumstances  and  possibilities  of  art  is 
suflScient  to  enable  us  to  arrive  at  a  definite  conclusion.  But  what  we  may 
do  is  to  look,  in  the  first  instance,  for  any  circumstance  which  imposes 
a  definite  limit  to  possible  speeds,  and  having  investigated  the  law  of  this 
limit,  look  for  other  limits,  and  having  examined  each  separately,  endeavour 
to  arrive  at  the  result  when  they  are  taken  in  conjunction. 

To  begin  with,  it  will  be  well  to  try  and  catch  sight  of  the  top  of  the  hill 
from  a  distance.  Going  far  away  from  the  complexity  of  our  immediate 
problem,  we  may  ask  whence  there  can  be  any  limit  to  possible  speeds? 
Any  limitations  in  the  circumstances  on  which  speed  depends  would  cause  a 
limit  to  speed  and,  although  perhaps  not  very  obvious,  consideration  will 
show  that  speed  depends  on  certain  physical  and  mechanical  properties 
of  material,  and  that  these  are  essentially  limited.  Thus  the  strength  of 
material  is  limited.  Some  materials  are  stronger  than  others,  but  the 
strength  of  the  strongest  is  easily  reached,  and  although  improvement  in  art 
brings  the  stronger  and  more  appropriate  materials  within  reach,  still  by  no 
tittle  have  we  been  able  to  extend  the  strength  of  the  strongest  beyond 
what  it  has  been,  so  to  speak,  fixed  by  nature.  When  compared  by  heaviness, 
natural  tissues  are  the  strongest  materials.  A  silk  cord  will  sustain  more 
than  a  steel  wire  of  the  same  weight,  and  such  a  wire  is  the  strongest  form  of 
any  manufactured  material.  To  the  limited  strength,  as  compared  with  the 
weight  of  material,  then,  we  may  look  for  a  limit  to  possible  speeds;  and  this 
is  not  all.  There  arc  other  limits — for  instance,  the  limited  temperature  at 
which  material  retains  its  strength;  in  fact,  the  properties  and  powers  of 
material  are  essentially  limited  in  all  directions,  and,  inasmuch  as  speed 
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8  on  these  properties,  it  must  be  limited.  If  we  take  a  somewhat 
^iew,  the  immediate  conchision  is  that  there  are  at  least  two  distinct 

of  a  limit  to  speed.  The  first  and  most  obvious  of  these  is  that  the 
ice  to  motion  requires  that  the  moving  object  should  be  continually 
brward  by  a  force,  and  the  maintenance  of  this  force  requires  additions 
wreight  of  the  moving  object,  which  additions  increase  the  resistance; 

at  a  certain  speed  there  will  be  a  balance  between  the  resistance  and 
ce,  any  increase  in  the  force  causing  a  still  greater  increase  in  the 
ice. 

8  may  be  illustrated  by  reference  to  a  railway.  The  resistance  of  the 
is  the  addition  necessary  to  maintain  the  motion.     Taking  the  best 

the  resistance  of  an  engine  at  high  speeds  is  about  45  lb.  per  ton  of 
jht.    If,  then,  the  locomotive  weighs  20  tons  it  would  require  a  steady 

900  lb.  to  balance  its  resistance.  To  maintain  this  force  a  certain 
e  of  steam  must  act  on  the  pistons.  To  keep  up  this  pressure  the 
rs  must  be  filled  and  emptied  every  revolution  of  the  driving  wheels — 
5ry  2G'4  ft.,  or  200  times  per  mile.  To  maintain  the  speed  then  the 
must  supply  steam  enough  to  fill  the  cylinders  200  times  per  mile,' 
ivhatevcr  time  the  mile  is  run.  Now  the  power  of  supplying  steam  by 
ler  is  limited.  A  boiler  of  a  certain  weight  cannot  be  made  to  supply 
han  a  certain  amount  of  steam,  and  if  we  know  the  shortest  time 
h  the  boiler  will  produce  200  cylinders  full  of  steam  at  the  pressure 
d  to  move  -the  engine,  we  know  the  shortest  time  in  which  it  could 
uile,  or  the  limit  of  speed  arising  from  this  source.  To  increase  the 
the  boilers  would  be  to  increase  the  weight  and  consequent  resistance 
engine,  so  that  the  only  chance  of  extending  the  limit  is  to  increase 
im-producing  power  of  the  same  weight  of  boiler ;  and  the  (lucstion 
r  this  actual  limit  has  been  reached  is  a  question  as  to  whether  there 
nains,  after  all  these  years,  room  for  improvement  in  the  best  boilers — 
r,  in  fact,  the  steam-producing  power  of  boilers  has  reached  the  limit 
i  by  the  limit  to  the  strength  and  other  properties  of  material  of 
they  may  be  constructed. 

)  case  of  the  locomotive  has  been  introduced  here  merely  for  the  sake 
itrating  the  fact  that,  however  distant,  there  is  a  limit  to  possible 
arising  from  this  source.  As  a  matter  of  fact  this  limit  is  not  actually 
1,  for,  as  will  be  subsequently  shown,  there  are  other  and  inferior 
which  come  in ;  that  is  when  the  engine  is  running  without  a  train, 
en  the  train  is  added,  as  it  must  be  from  an  economical  point  of  view, 
le  steam -producing  power  of  the  boiler  does  impose  an  economical 
1  the  speed  of  the  train. 

>  case  of  steamboats  is  somewhat  diflferent.     With  these  the  resistance 
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increases  in  a  high  ratio  with  the  speed,  as  the  square  of  the  speed,  so  that 
not  ooly  have  the  cylinders  to  be  filled  at  a  rate  proportional  to  the  speed  of 
the  boat,  but  to  maintain  the  requisite  force  the  size  of  the  pistons  or  the 
pressure  of  the  steam  must  increase  as  the  square  of  the  speed;  so  that 
instead  of  being,  as  with  the  locomotive,  nearly  in  the  simple  ratio  to  the 
speed,  the  quantity  of  steam  required  in  a  given  time  varies  as  the  cube  of 
the  speed.  Thus,  in  the  case  of  steamboats,  the  steam-producing  capacity  of 
a  certain  weight  of  boiler  is  the  source  of  the  actual  as  well  as  the  economical 
limit  to  the  speed.  This  limit  has  been  reached  with  the  modem  steam 
launch  and  torpedo  boat,  in  which  as  much  as  two-thirds  of  the  whole  weight 
of  the  ship  are  given  up  to  the  engines  and  boilers ;  the  highest  speeds 
so  attained  being  about  twenty-five  miles  an  hour.  The  action  of  this, 
which  may  be  called  the  physical  limit  to  speed,  may  be  traced  in  animals, 
but  the  requisite  data  for  its  discussion  are  wanting.  The  second  funda- 
mental source  of  limits  to  speed  is  the  strength  of  the  parts,  and  the  forces 
holding  these  parts,  necessary  to  withstand  the  forces  to  which  the  motion 
gives  rise.     This  may  be  called  the  dynamical  limit  to  speed. 

This  source  of  limit  has  received  less  general  notice  than  the  preceding. 
That  the  motion  of  machines  and  animals  necessarily  gives  rise  to  forces  in 
and  between  their  parts  is  not  perhaps  very  obvious,  on  account  of  its  being 
so  well  known  that  motion  itself  does  not  give  rise  to  force  between  the  parts 
of  a  moving  object.  But  this  is  only  when  the  motion  is  rectilinear  and 
uniform.  To  stop  and  start  a  body  or  to  change  its  direction  requires  force 
proportional  to  the  weight  of  the  body  and  the  rate  at  which  the  change  is 
made.  In  order  to  realise  how  all  possible  motions  on  the  earth  are  limited, 
it  must  be  noticed  that  uniform  rectilinear  motion  is  impossible.  Objects  on 
the  earth  have  to  maintain  their  motion  against  such  resistances  as  they 
encounter  by  the  relative  and  limited  motions  of  their  parts ;  with  animals 
by  the  motion  of  their  legs,  wings,  or  fins ;  in  machines  by  the  motions  of 
their  pistons,  cranks,  and  wheels ;  and,  even  apart  from  this,  uniform  motion 
is  impossible  owing  to  the  impossibility  of  maintaining  a  direct  course — for 
instance,  a  perfectly  even  road. 

The  limit  to  the  speed  of  any  complex  body,  such  as  an  animal,  an  engine, 
or  even  a  revolving  wheel,  will  depend  primarily  on  the  manner  in  which  the 
general  motion  depends  on  or  involves  change  in  the  speed  or  direction  of 
motion  of  any  or  all  of  the  parts.  For  example,  in  the  case  of  all  carriages 
the  limit  to  the  strength  of  the  tires  of  the  wheels  would  limit  the  speed  if 
there  were  no  inferior  limit.  That  what  is  called  centrifugal  force  tends  to 
burst  the  tiies  must  be  universally  known ;  but  there  is  a  simplicity  about 
the  law  of  this  limit  which  marks  it  out  as  the  best  illustration  of  the  class  of 
limits  which  arise  from  acceleration. 
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The  bursting  tension  of  the  tire  caused  by  the  revolution  of  the  wheel  is 
the  result  of  the  centrifugal  force  acting  on  each  elementary  portion  of  the 
tire,  and  is  the  same  as  if  the  tire  were  subject  to  an  outward  pressure  equal 
to  the  centrifugal  force  all  over  its  inner  surface.  The  dynamical  problem  of 
estimating  the  centrifugal  tension  from  the  weight,  diameter,  and  speed  of 
revolution  of  the  tire  is  not  difficult,  but  it  will  be  sufficient  here  to  state 
the  result.  The  tension  per  square  inch  of  section  of  the  tire  is  '37  multiplied 
by  the  weight  of  a  cubic  inch  of  the  material  and  the  square  of  the  velocity 
in  feet  per  second.  The  limit  of  speed  is  that  which  causes  a  centrifugal 
tension  equal  to  the  greatest  stress  the  material  will  safely  bear.  With  iron 
this  is  about  15,000  lb.  per  square  inch.  A  cubic  inch  of  iron  weighs  '24  lb., 
so  that  the  velocity  squared  is  equal  to  11  x  15,000  or  165,000,  or,  roughly, 
the  velocity  equals  400  ft.  per  second.  This,  which  is  270  miles  an  hour,  is 
the  limit  arising  from  centrifugal  force  to  the  safe  velocity ;  for  steel  tires, 
the  strength  of  which  is  about  double  that  of  iron,  the  limit  becomes 
380  miles  an  hour.  It  should  be  noticed  that  neither  the  diameter  of  the 
wheel  nor  the  thickness  of  the  tire  makes  any  difference  to  this  limit,  which 
depends  solely  on  the  ratio  between  the  strength  and  heaviness  of  the 
material.  If  we  could  get  a  stronger  material,  then  we  might  extend  the 
limit,  but  as  natural  fibres  are  the  only  materials  stronger  than  steel, 
and  these  do  not  possess  the  hardness  necessary  for  tires,  there  is  absolutely 
no  prospect  of  any  extension  in  this  direction. 

The  velocity  of  the  train  is  the  same  as  the  velocity  of  the  tire,  so 
that  the  figures  given  above  show  the  limit  to  the  velocity  of  the  train 
arising  from  the  centrifugal  force  on  the  tire — that  is,  supposing  the  tire 
subject  to  no  forces  but  those  considered.  Looked  at  in  this  way,  the  limit 
appears  well  away  from  any  speeds  already  realised.  But  as  the  tire  is 
subject  to  forces  arising  from  its  contact  with  the  rail  and  from  the  load  on 
the  wheel,  the  margin  left  for  centrifugal  force  is  much  less  than  what  has 
been  stated,  so  that  the  actual  limit,  which  involves  complex  considerations, 
is  really  much  lower. 

Wheels  have  been  here  considered  as  affording  the  simplest  example  of 
how  changes  in  the  direction,  or  speed  of  motion  in  the  parts,  of  a  moving 
object  must  cause  a  limit  to  the  speed  at  which  the  object  can  move,  and  not 
because  the  wheels  are  the  parts  which  would  give  way  first  were  the  speed 
to  be  increased.  In  the  locomotive,  as  at  present  constructed,  there  are 
parts — the  coupling  and  connecting  rods,  for  instance — which  would  give 
way  under  these  accelerations  before  the  tires ;  and  it  will  be  the  object  in  a 
subsequent  article  to  discuss  somewhat  fully  the  limit  to  speed  imposed  by 
these,  as  well  as  by  other  parts  of  the  machinery. 

In  the  case  of  animals  there  are  no  wheels,  but  the  problem  does  not 
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diflFer  greatly ;  for  the  forces  required  to  stop  and  start  the  limbs  tax  the 
strength  of  these  in  much  the  same  way  as  the  strength  of  the  tires  is  taxed 
by  centrifugal  force.  So  that  the  conclusion  is  the  same,  that  the  strength, 
as  compared  with  the  heaviness,  of  the  material  of  the  bones  and  tissues  of 
animals  determines  a  limit  to  the  possible  speed ;  which  conclusion  is  borne 
out  by  the  fact  that  the  strength,  as  compared  with  the  heaviness  of  these 
materials,  is  as  high,  or  higher,  than  that  of  any  other  materials— the 
strength  being  that  required  to  resist  the  particular  forces  which  the  parts 
are  generally  called  upon  to  sustain,  i.e.,  bone  to  resist  crushing,  and  sinews 
to  resist  tension. 

Before  closing  this  article,  which  is  intended  as  an  introduction  to  the 
more  definite  discussion  of  certain  particular  cases  where  these  limits  come 
in,  it  should  be  pointed  out  that  besides  the  two  sources  of  limits  to  speed 
which  have  been  particularly  noticed,  viz.,  those  which  arise  from  the 
strength  of  the  material,  and  those  from  the  limited  capacity  of  producing 
energy,  there  are  other  sources  of  limits.  One  of  those,  of  a  physical  kind, 
is  the  inability  to  get  rid  of  the  heat  produced  at  the  joints  by  friction. 
The  heating  of  bearings,  which  is  a  very  common  source  of  the  actual  limit 
to  speed,  although  it  has  not  apparently  received  much  attention  except  in  a 
practical  way,  admits  of  theoretical  consideration  as  being  subject  to  definite 
laws. 

Another  source  of  the  limit  to  speed,  of  the  greatest  practical  importance, 
although  more  complex  than  the  preceding,  is  the  effect  of  the  moving  pieces 
and  the  forces  between  these  to  cause  unsteadiness  to  the  motion  of  the 
whole  structure.  The  difficulty  of  keeping  a  railway  train  steady  has 
perhaps  as  much  to  do  with  the  actual  speed  attained  as  any  other  cause. 
In  so  far  as  this  unsteadiness  arises  from  the  unevenness  of  the  road,  and 
the  mere  disturbing  forces  caused  on  the  frame  by  the  moving  pieces, 
it  belongs  to  the  class  of  dynamical  limits,  but  it  depends  on  a  particular 
property  of  matter  not  involved  in  other  cases  of  this  class  of  limits.  The 
rocking  of  a  structure  depends  on  the  character  of  its  elasticity,  and  on  the 
period  as  well  as  the  magnitude  of  the  disturbing  forces ;  and,  as  a  matter  of 
fact,  the  tendency  to  vibrate  would  impose  a  limit  on  the  speed  of  most 
machines,  so  that  it  is  entitled  to  a  place  amongst  the  sources  of  limit,  and 
may  be  called  the  elastic  limit. 

So  far,  then,  we  see  that  there  are  four  distinct  sources  of  limits  to  speed. 
The  limited  capacity  of  producing  energy,  the  limited  strength  of  the 
material,  the  limited  power  of  discharging  the  heat  produced  by  friction, 
and  the  elastic  limit.  In  pointing  out  the  general  nature  of  these  limits, 
attention  has  been  directed  to  objects  with  powers  of  locomotion  as  being 
more  familiar ;  there  are,  however,  the  same  sources  of  limits  to  the  speed  of 
stationary  machinery,  such  as  steam-engines  and  tools. 
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[From  "The  Engineer"  Nov.  18,  1881.] 

To  obtain  an  idea  of  the  effect  of  accelerations,  we  may  take  an  instance 
of  a  moving  machine,  and  supposing  its  speed  to  increase,  consider  which  of 
its  parts  would  give  way  first.  The  locomotive  seems  to  aflford  the  best 
example.  Imagine,  then,  a  locomotive  to  be  started  down  a  long  incline  with 
the  steam  fully  on ;  what  part  of  the  machine  would  give  way  first  ?  In  the 
case  of  an  engine  with  its  wheels  coupled,  the  question  may  be  answered 
with  certainty.  The  coupling  rods  would  be  thrown  off.  Although  perhaps 
not  generally  known,  this  has  been  shown  both  theoretically  and  practically. 
Anyone  with  the  smallest  mechanical  insight,  observing  from  a  distance  a 
coupled  engine  in  motion,  cannot  fail  to  perceive  that  the  rapid  up-and-down 
motion  of  these  rods,  which  arc  held  only  at  the  ends,  must  call  for  great 
strength  to  prevent  them  breaking  in  the  middle.  That  the  strength  so 
called  for  approaches  the  actual  strength  of  the  rods  can,  of  course,  only 
be  ascertained  by  definite  calculation.  Six  years  ago  the  case  of  one  of  these 
rods  was  taken  as  an  example,  to  illustrate  to  the  engineering  class  at  Owens 
College  the  effect  of  accelerations,  and  the  result  of  the  calculation  then 
made  was  to  show  that  the  strength  called  for  when  the  engine  was  running 
at  70  miles  an  hour  was  nearer  the  limit  imposed  by  the  actual  strength  of 
the  material  than  is  usually  considered  safe  in  estimating  the  size  of  such 
structures.  Thus,  instead  of  10,000  lb.,  the  stress  amounted  in  this  example 
to  15,000  lb.  The  fact  was  surprising  enough  to  arrest  attention,  and  raise 
a  question  as  to  the  considerations  which  had  led  to  the  proportions  of  these 
rods.  On  reference  to  the  text-books  and  manuals  it  was  found  that  the 
eflfects  of  accelerations  had  no  place  in  them,  so  that  it  would  appear  that 
engineers  have  had  no  rule  to  go  by  but  that  of  experience;  or,  in  other 
words,  that  the  dimensions  of  these  rods  have  been  arrived  at  by  the  process 
of  trial  and  failure.  All  these  facts  considered,  the  matter  seemed  one  of  no 
small  mechanical  interest.  For  apart  from  the  importance  of  these  rods  and 
the  desirability  of  supplying  a  theoretically  derived  formula  in  place  of 
empirical  rules,  the  experience  of  the  fitness  of  these  rods  has  been  so  ample, 
that  as  soon  as  we  are  in  a  position  to  calculate  the  stresses  in  their  material, 
they  furnish  a  very  important  test  as  to  the  factor  of  safety  for  such  parts  of 
machinery.  Thus,  it  appears  that  while  a  rule  has  been  laid  down  that  a 
certain  stress  is  the  greatest  which  the  iron  in  any  important  part  of  a 
machine   should   bear,  these   very  important  parts  have  been  unwittingly 
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allowed  to  bear,  and  have  borne  safely,  half  as  much  again  as  that  given 
by  the  rule.  That  the  stress  in  these  rods  may  be  as  great  as  appeared  from 
theoretical  consideration,  or,  at  least,  that  they  are  the  parts  of  the  engine 
which  first  give  way  when  an  undue  speed  is  attained,  has  been  confirmed  by 
the  records  of  railway  accidents.  Shortly  after  the  first  investigations  were 
made,  a  train  having  on  it  three  similar  coupled  engines  ran  away  down  an 
incline,  the  brakes  being  overpowered,  and  eye-witnesses  described  how  the 
first  symptom  of  disaster  was  the  flying  oflf  of  the  coupling  rods  from  one  of 
the  engines,  those  from  the  others  following  immediately  after.  In  1878 
attention  was  called,  to  these  facts  at  a  meeting  of  the  Manchester  Literary 
and  Philosophical  Society,  and  they  excited  the  interest  of  Dr  Joule,  who  has 
kindly  sent  the  author  published  accounts  of  several  instances  of  the  failure 
of  these  rods  in  cases  of  high  speeds.  Amongst  these  was  the  following 
extract  from  a  letter  published  in  the  Manchester  Courier.  The  accident 
occurred  on  the  Cheshire  line  from  Manchester  to  Liverpool,  on  which  the 
speeds  are  very  high.  The  author  of  the  letter  has  clearly  used  the  term 
connecting  rod  in  the  sense  of  coupling  rod.  "  Shortly  after  we  had  passed 
one  of  the  small  stations  on  the  way,  and  before  reaching  Warrington,  the 
connecting  rod  of  the  engine,  or  some  other  material  portion  of  that  part  of 
the  mechanism,  became  broken,  and  flew  off  with  such  force  as  to  strike  the 
embankment  on  the  near  side,  and  thence  rebound  with  terrible  power  into 
the  window  of  one  of  the  third-class  carriages  immediately  behind,  completely 
smashing  in  the  woodwork,  as  well  as  all  the  glass,  to  the  great  danger  of  one 
or  more  passengers  within,  but  who  escaped  uninjured.  I  was  a  passenger  on 
another  occasion,  on  the  same  journey,  when  the  connecting  rod  snapped  in 
two,  and  the  two  pieces  continued  to  whirl  round  until  the  train  could  be 
stopped,  to  the  great  risk  of  driving  the  engine  and  carriages  from  the  metals. 
And  I  have  heard  it  said  that  accidents  of  a  similar  kind  have  occurred  on 
other  occasions." 

The  theory  of  these  rods  has  been  taught  in  the  engineering  classes  at 
Owens  College  for  several  years,  but  its  first  appearance  in  print  seems  to 
have  been  in  a  letter  in  The  Engineer  of  May  27th,  1881,  signed  "  S.  R.,"  dated 
Manchester,  May  11th;  and  more  fully  in  an  article  which  appeared  in  TJie 
Engineer,  of  Sept.  9th,  1881.  Leaving  what  we  may  call  the  swinging  forces  out 
of  consideration,  the  coupling  rods  are  designed  to  withstand  certain  forces 
which  cannot  exceed  a  definite  amount.  This  amount  may  be  estimated  for 
each  particular  case.  The  utmost  one  rod  can  be  called  upon  to  do  is  to  turn 
one  pair  of  wheels  against  the  whole  friction  between  the  wheels  and  the  rail, 
which  latter  may  be  sanded.  In  such  a  case,  F,  the  coefficient  of  friction, 
would  be  about  3.  Lot  R  be  the  radius  of  the  wheels  in  inches,  L  the 
length  of  the  cranks,  P  the  pressure  between  the  wheel  and  the  rail  in 
pounds ;  then  taking  T  for  the  force  in  pounds,  tension  or  compression,  in.  the 


41]  ON  THE  FUNDAMENTAL  LIMITS  TO  SPEED.  9 

rod  necessary  to  cause  the  pair  of  wheels  to  slide  when  the  other  rod  is  in  the 
line  of  centres, 

LT=  FRP, 

T  may  be  either  tension  or  compression,  but  it  is  the  latter  that  is  the  most 
important  for  the  present  consideration.  If  now  we  take  the  swinging  action 
into  account,  we  have  to  add  the  effect  of  the  vertical  force  which  must 
act  on  each  point  of  the  rod  in  order  to  change  its  vertical  motion.  Relatively 
to  the  engine  each  point  of  the  rod  will  describe  a  circle  exactly  similar  to 
that  described  by  either  crank  pin.  In  describing  its  circle  each  portion 
of  the  rod  will  be  subject  to  centrifugal  force.  Consider  a  cubic  inch  of 
material  of  weight  w,  the  centrifugal  force  of  this  by  the  well-known 
formula  is 

Where  v  is  the  velocity  of  the  engine  in  feet  per  second,  and  5r  =  32*2  the 
acceleration  of  gravity.  The  direction  of  the  centrifugal  force  will  be  parallel 
to  the  line  joining  the  centre  of  the  crank  shaft  with  the  centre  of  the 
crank  pin,  and  consequently  will  be  vertical  and  directly  across  the  rod  when 
the  cranks  are  veiliically  up  or  down. 

We  have  then  a  force  0,  acting  upwards  or  downwards,  on  each  cubic  inch 
of  the  rod.  When  the  cranks  are  down  this  force  must  be  added  to  the 
weight  of  the  rod,  which  will  then  act  in  the  same  direction.  Then  the 
effect  to  break  the  rod  will  be  the  same  as  if  the  engine  were  standing, 
and  the  weight  of  the  material  of  the  rod  were  increased  in  the  ratio 

C  +  w 
w 

So  that  as  regards  this  force  the  rod  may  be  considered  as  a  loaded  beam. 
Let  the  rod  be  of  uniform  section  of  length  H,  area  S,  and  depth  2y,  also  let 
K  be  the  radius  of  gyration  of  the  section.  Then  the  load  on  the  rod  is 
(C+  w)  SH,  and  the  greatest  bending  moment  in  inch-lb.  is 

and  if/  be  the  greatest  stress  in  the  rod,  for  the  resistance  to  bending  we 
have  the  well-known  formula — 

y 
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Comparing  these  two  values  of  M  we  may  determine  /  the  stress  due  to 
centrifugal  force  in  terms  of  the  velocity  of  the  crank  pin — 


We  have  thus  two  independent  forces,  to  which  the  material  of  the  rod  is 

liable.     The  bending  moment  M  and  the  thrust  T,  the  stress  caused  by  T 

T 
distributed  uniformly  over  the  section  would  be  ^ .     Therefore  the  stress  due 

to  both  these  causes  is  equal  to — 

T 

and  /+S=-8      jr.+^' 

which  formula  will  give  the  greatest  stress  which  one  of  these  rods  is  subject 
to  when  the  dimensions,  speed,  and  material  are  known.  As  an  example  let 
us  suppose, 

fl^=108in.,    y  =  2|,    iS=7-87,     w  =  -28,     L  =  S\, 

V  =  100  (70  miles  an  hour  nearly), 

R  =  39  in.,     P  =  26880  (12  tons),     F^  '3. 

Substituting  these  quantities,  wliich  correspond  to  the  dimensions  of  an 
express  passenger  engine  on  the  North  British  Railway  described  in  The 
Engineer,  Vol.  L.,  1878,  and  we  find 

/=  11357, 

T 

±  =  4700, 

8 

80  that  the  greatest  compressive  stress  in  the  rod  when  the  engine  is 
running  at  seventy  miles  an  hour  is  16,000  lb.  per  square  inch.  This  stress 
is  applied  and  reversed  from  tension  to  compression  every  revolution  of  the 
wheel,  so  that  the  fact  that  these  rods  do  safely  withstand  these  stresses 
affords  sufficient  proof  that  the  material  of  which  they  are  composed  will 
safely  bear  a  repeated  load  of  16,000  lb.  on  the  square  inch.  As  they  are 
constructed,  however,  these  rods  clearly  impose  a  limit  on  the  possible  speed 
of  the  engine,  and  a  limit  very  close  to  that  which  is  actually  attained  by 
passenger  engines.  There  is  no  necessity,  however,  that  this  limit  should  be 
so  low.  The  simple  bar  form  which  is  usually  that  given  to  these  rods  is  about 
the  worst  shape  they  could  have  to  resist  the  centrifugal  forces.  By  making 
them  hollow  or  with  flanges,  it  would  be  perfectly  easy  to  extend  the  limit 
considerably  without  adding  to  the  weight  of  the  rods. 
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The  coupling  rods  are  those  parts  of  a  locomotive  in  which  the  accelera- 
tions produce  the  greatest  effect,  but  all  the  reciprocating  parts  of  the  engine 
are  subjected  to  similar  forces.  The  connecting  rods  differ  from  the  coupling 
rods,  in  the  fact  that  it  is  only  one  end  that  swings,  and  hence  that  the  effect 
of  the  acceleration  varies  from  nothing  at  the  piston  end  to  the  value  given 
by  the  formula  at  the  crank  end.  Thus  while  the  coupling  rods  may  be 
regarded  as  a  beam  loaded  uniformly,  the  connecting  rods  are  subject  to 
loads  varying  uniformly  from  the  piston  to  the  crank  end.  But  the  result 
will  be  the  same,  and  the  liability  of  the  connecting  rod  to  break  under  its 
swinging  action  would  impose  a  limit  to  the  speed  were  it  not  for  the  inferior 
limit  imposed  by  the  coupling  rods.  Let  alone  the  swinging  motion,  the  mere 
reciprocation  would  impose  a  limit  to  speed.  Thus  to  stop  and  start  the 
piston  and  its  attachments  requires  a  force  which  is  given  by  the  same  formula 

— P^ ,  L  now  being  the  length  of  the  crank,  and  W  the  weight  of  the  piston 

and  its  attachments.  At  moderate  speeds  these  forces  are  small  compared 
with  the  forces  produced  by  the  pressures  of  the  steam,  but  increasing,  as 
they  do,  as  the  square  of  the  speed,  they  soon  leave  the  others  behind.  By 
diminishing  the  lengths  of  the  cranks  in  proportion  to  the  diameters  of  the 
wheels,  and  the  consequent  amplitude  of  reciprocation,  the  accelerations  are 
proportionally  diminished ;  but  then,  in  order  to  transmit  the  same  power,  the 
size  of  the  pistons  and  the  dimensions  of  all  the  parts  must  be  proportionally 
increased,  and  then  the  heating  of  the  bearings  comes  in  to  limit  the  speed. 
Thus  with  high  speeds  of  pistons  the  forces  arising  from  reciprocation  limit 
the  speed,  while  with  low  speeds  the  difficulty  of  the  bearings  limits  the 
speed.  There  is,  therefore,  a  middle  course  between  these  two  extremes,  and 
it  is  this  medium  course  to  which  experience  has  led,  although  the  deter- 
mining causes  have  been  but  very  imperfectly  recognised. 

So  far  the  accelerations  spoken  of  have  been  those  which  result  from  the 
regular  motion  of  the  internal  parts  of  the  engine.  But  in  the  case  of  all 
carriages  there  is  another  class  of  accelerations,  which,  although  less  regular, 
act  a  similar  part  in  causing  a  limit  to  the  speed,  and  which  follow  the  same 
laws.  These  are  the  vertical  accelerations  which  arise  from  the  inequalities 
of  the  road.  If  the  road  be  uneven — as  all  roads  are,  more  or  less — the 
wheels,  and  to  some  extent  the  carriages,  move  up  and  down  according  to  the 
inequalities.  This  up  and  down  motion,  although  not  regular,  necessitates  up 
and  down  accelerating  forces,  which  will  be  proportional  to  the  square  of  the 
velocity  of  the  carriage,  so  long  as  no  limit  comes  in  to  prevent  the  wheels 
following  the  inequalities  of  the  road.  The  upward  acceleration  is  caused  by 
the  pressure  of  the  road  on  the  wheel,  and  the  limit  to  this  is  obviously  one 
of  strength.  So  long  as  neither  the  road  nor  the  wheel  gives  way,  the  motion 
must  ensue.     But  the  downward  acceleration  can  only  result  from  the  force 
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of  gravitation  acting  on  the  wheel,  and  the  pressure  exerted  by  the  carriage 
to  keep  the  wheel  down.  Where  springs  are  used  this  pressure  will  be 
maintained  nearly  constant,  whatever  the  acceleration  may  be  ;  but  without 
springs  the  greatest  acceleration  is  that  of  gravity — for  the  carriage  will 
have  to  follow  the  wheel  in  its  vertical  motion,  and  the  greatest  accelera- 
tion is  when  they  are  both  free  to  fall. 

If  W  be  the  weight  of  the  wheel  and  C  the  load  of  the  carriage,  then, 
without  springs,  the  greatest  acceleration  is  32*2,  or  g;   but  with  efficient 

springs  it  is  —^—  ff-     When  the  speed  of  the  carriage  is  such  as  to  require 

an  acceleration  greater  than  this  in  order  to  keep  the  wheel  in  contact  with 
the  road,  the  wheel  will  bound.  This  practically  limits  the  speed  of  carriages 
without  springs  on  ordinary  or  paved  roads  to  three  or  four  miles  an  hour ; 
but  with  springs  there  is  no  difficulty  in  attaining  speeds  equal  to  the  highest 
that  horses  can  maintain. 

The  use  of  the  level  iron  rails  maintained  in  their  proper  position 
diminishes  the  vertical  motion  to  such  an  extent,  that  there  is  no  difficulty 
from  this  cause  at  the  highest  speeds  attained  even  at  the  present  day.  But 
the  difficulty  of  maintaining  the  rails,  and  particularly  the  ends  of  the  rails, 
in  their  places,  is  considerable,  and  one  misplaced  rail  becomes  a  source  of 
danger,  so  that  it  cannot  be  said  that  the  vertical  accelerations  exercise 
no  influence  on  the  limit  of  speed.  This  action,  however,  must  not  be 
confused  with  the  liability  of  the  train  to  rock,  which,  although  depending 
on  the  unevenness  of  the  road,  depends  rather  on  the  frequency  of  the 
inequalities  than  on  their  magnitude;  and  further,  as  has  already  been 
pointed  out,  depends  on  the  elastic  properties  of  the  train.  This  rocking 
will  be  considered  in  another  article. 


III. 

[Frovi  "The  Engineer,"  Dec.  9,  1881.] 

Although  vibration  is  one  of  the  greatest  and  most  common  difficulties 
with  which  engineers  have  to  contend,  it  is,  perhaps,  of  all  mechanical 
phenomena  least  underatood.  It  does  not  appear  to  have  been  made  the 
subject  of  any  treatise,  or  to  have  a  place  in  works  which  treat  of  applied 
mechanics.  This  has  doubtless  arisen  from  the  great  apparent  diversity  in 
the  circumstances  under  which  it  occurs.  The  mechanical  principles  involved 
are  sufficiently  well  understood  by  natural  philosophers ;  but  they  have  not 
been  applied  to  the  practical  questions.  8uch  an  application  is,  however, 
not  only  possible,  but  the  general  circumstances  on  which  vibrations  depend 
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may  be  apprehended  without  the  aid  of  mathematical  symbols.  In  fact  an 
unconscious  apprehension  of  the  principles  of  vibration  is  one  of  the  earliest 
lessons  which  children  learn.  The  act  of  swinging  in  a  child's  swing  requires 
such  a  knowledge,  and  this  whether  swinging  oneself  by  motion  in  the 
swing,  or  swinging  another  by  pushing  the  swing.  And  the  same  may  be 
said  of  shaking  an  apple  tree.  The  act  of  shaking  a  tree  does  not  consist 
simply  in  exerting  a  force  first  in  one  direction  and  then  in  the  opposite. 
One  might  do  this,  exerting  many  times  the  force  necessary,  if  properly 
applied,  to  bring  not  only  the  apples  but  the  leaves  off  the  trees,  without 
bringing  down  a  single  apple.  What  is  required  besides  the  alternating 
force  is  that  the  alternations  should  be  timed  right.  This  timing  of  the 
alternations  in  the  direction  of  the  force  we  exert  comes  naturally  when  we 
are  trying  to  shake  an  object;  for  naturally  we  follow  the  object  in  its 
motion ;  indeed  it  is  difficult  to  avoid  doing  this.  But  if,  instead  of  shaking 
the  tree  by  muscular  exertion,  we  were  to  arrange  a  steam-engine  to  shake 
it,  then  we  should  at  once  perceive  that  there  was  only  one  particular  speed 
of  the  engine  at  which  the  tree  would  shake.  The  general  phenomenon,  the 
apprehension  of  which  has  been  wanting  to  the  understanding  of  the 
circumstances  on  which  vibration  depends,  is  that  the  discovery  of  which  led 
Hooke  to  perceive  the  mechanical  law  which  bears  his  name — "  vir  extenso 
sic  vis" — and  also  led  him  to  construct  a  watch  after  the  present  method. 
This  phenomenon  is  that  a  fixed  object  will,  when  set  in  motion  to  a  greater 
or  less  degree,  continue  to  rock  in  a  particular  direction,  with  a  particular, 
and  only  with  that  particular,  rate  of  oscillation.  This  is  no  less  true  of 
ships,  bridges,  and  parts  of  machines,  than  of  apple  trees,  tuning-forks,  and 
the  balance-wheels  of  watches.  We  say  continue  to  rock ;  but  it  is  not 
meant  that  it  will  continue  for  ever,  or  for  any  great  length  of  time.  The 
motion  will  gradually  diminish,  according  to  the  resistance  encountered  from 
the  air  and  the  imperfect  elasticity  of  the  structure. 

The  rate  at  which  a  structure  will  rock  depends  on  two  circumstances — 
the  stiffness  of  the  attachments  by  the  bending  of  which  the  rocking  takes 
place,  and  the  magnitude  and  distribution  of  the  weight  to  be  rocked.  In 
the  case  of  short,  stiff  objects,  like  the  prongs  of  a  tuning-fork,  the  vibra- 
tions may  amount  to  hundreds  per  second ;  whereas  in  the  case  of  trees, 
ships,  bridges,  or  steam-engines,  they  are  often  as  low  as  two  or  three  per 
second,  or  even  one  in  two  or  three  seconds. 

The  period  in  which  a  body  will  continue  to  rock  in  any  manner  may  be 
called  its  period  of  free  vibration  for  that  manner  of  rocking;  and  having 
recognised  the  general  existence  of  such  periods  of  free  vibration,  a  general 
view  of  the  circumstances  under  which  dangerous  vibrations  are  likely  to 
occur  is  not  difficult.  Were  it  not  for  the  decadence  of  the  free  vibration 
when  once  set  up,  owing  to  such  causes  as  have  been  already  mentioned. 
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then  it  is  obvious  that  if  to  the  swing  already  attained  a  small  addition  were 
made,  the  increased  swing  would  continue,  and  by  continually  adding  fresh 
swings,  however  small,  the  swing  must  eventually  increase  until  some  limit 
was  reached.  Thus,  one  child  swinging  another,  if  there  were  no  retardation, 
would,  if  it  continued  to  impart  a  push,  however  slight,  each  time  the  swing 
passed,  eventually  send  the  swing  completely  round.  As  it  is,  however, 
owing  to  the  retardation  arising  from  the  resistance  of  the  air  and  the  stiffness 
of  the  ropes,  the  work  done  by  the  swinger  only  just  balances  the  energy 
lost,  and  so  only  maintains  the  speed ;  the  greater  the  speed  the  greater  the 
work  spent  in  retaixlation,  and  hence  the  greater  the  exertion  on  the  part  of 
the  swinger  necessary  to  maintain  it.  Now,  the  theory  of  all  steady  vibration 
is  the  same ;  whatever  may  be  its  nature,  there  must  always  be  something  to 
act  the  part  of  the  swinger,  and  by  well-timed  acceleration  make  good  the 
necessary  loss.  In  order  that  the  extent  of  vibration  may  be  constant,  the 
added  velocity  must  be  exactly  what  is  lost ;  if  it  be  too  great  the  amplitude 
will  increase,  or  if  too  small,  diminish.  There  are  several  things  which  may 
thus  act  the  part  of  the  swinger — any  reciprocating  or  revolving  weight,  any 
periodic  force,  such  as  may  arise  from  the  intermittent  pressure  of  steam  on 
the  piston,  or  a  periodic  motion,  such  as  is  caused  by  the  wheels  of  a  carriage 
running  over  the  setts  on  the  street  or  the  sleepers  on  a  railway ;  in  fact,  any 
periodic  disturbance.  But  as  a  matter  of  fact,  such  disturbances  have  always 
a  fixed  period,  and  as  the  body  will  only  oscillate  in  a  fixed  period,  it  is  only 
in  the  case  when  the  period  of  the  disturbance  exactly  fits  the  period  of 
vibration  that  this  vibration  can  be  steady,  and  this  rarely  or  never  happens. 
What  really  happens  is  that  the  period  of  disturbance  approximates  more  or 
less  to  the  period  of  vibration,  and  in  order  to  understand  the  theory  of 
vibrations  under  consideration  it  is  necessary  to  consider  how  a  difference  in 
the  periods  influences  the  vibration.  The  swing  will  enable  us  to  do  this. 
Suppose  the  period  of  the  swing  to  be  two  seconds,  and  suppose  that  the 
swinger  pulls  a  rope  every  2*05  seconds ;  the  fii*st  pull  will  set  the  swing  in 
motion  a  little ;  in  the  second  swing  the  pull  will  come  a  little  late,  but  still 
before  the  forward  motion  has  ceased,  which  will  be  "5  second  from  the  start. 
The  second  pull  will  therefore  accelerate  the  motion,  and  so  will  the  eight 
succeeding  pulls.  After  this,  however,  the  pull  will  come  on  the  backward 
motion  and  exercise  a  retarding  effect,  and  by  the  time  ten  such  pulls  have 
been  given  the  retarding  effect  will  have  just  balanced  the  previous  accelerat- 
ing effect,  and  all  motion  will  have  ceased.  We  see,  then,  that  the  result 
would  be  waves  of  vibration,  ten  effective  pulls,  and  as  much  motion  as  these 
would  impart,  and  then  ten  retarding  pulls,  destroying  the  motion.  The 
number  of  effective  pulls  clearly  depends  on  the  approximation  of  the  period 
of  the  pulls  to  that  of  the  swing.  If  this  had  been  only  '01  second 
different,  then  we  should  have  had  fifty  effective  pulls  and  a  corresponding 
motion.     The  magnitude  of  the  motion  attained  will  thus  depend  on  two 
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things — the  magnitude  of  the  disturbing  force  or  pull  compared  with  the 
weight  on  the  swing,  and  the  number  of  effective  pulls  of  which  the  dis- 
crepancy of  the  periods  admits,  which  number  will  be  the  whole  period 
divided  by  four  times  the  difference  of  the  two  periods.  This  result,  which 
is  obvious  in  the  case  of  the  swing,  is  equally  true  for  all  classes  of  vibra- 
tion. When  the  period  of  a  disturbing  or  swinging  force  differs  from  the 
natural  period  of  swing,  the  result  will  be  batches  of  oscillations  increasing 
from  nothing  till  they  reach  a  magnitude  depending  on  the  magnitude  of  the 
disturbing  force,  and  the  ratio  of  the  natural  period  to  the  difference  in  the 
two  periods,  the  number  of  swings  before  the  maximum  is  reached  being 
equal  to  one-fourth  this  ratio,  which  will  also  be  the  number  while  the 
motion  is  diminishing.  It  thus  appears  that  if  the  periods  approximate,  a 
comparatively  small  disturbing  force  must  produce  a  considerable  swinging, 
while  if  the  difference  in  the  periods  is  large,  then  the  amount  of  motion 
will  be  confined  to  that  produced  by  the  action  of  the  single  disturbance. 
In  the  latter  case  the  vibration  is  called  a  forced  vibration.  Of  course, 
when  large  disturbing  forces  are  allowed,  forced  vibrations  may  become 
important,  but  this  seldom  occurs,  as  large  disturbing  forces  may  generally 
be  avoided.  Small  disturbing  forces,  however,  are  almost  always  present 
where  there  is  periodic  motion,  and  though  the  forced  vibrations  which 
would  result  are  unimportant,  when  these,  owing  to  the  near  coincidence  of 
their  period  with  that  of  force  vibration  accumulate,  motion  of  almost  any 
extent  may  ensue.  It  is  this  near  coincidence  of  the  period  of  the  disturb- 
ance or  free  vibrations  with  the  period  of  free  vibration  which  is  the 
condition  of  danger  from  vibrations,  and  the  possibility  of  avoiding  the 
danger  lies  in  the  possibility  of  avoiding  this  approximate  coincidence.  This 
may  be  attempted  in  two  ways,  one  by  adjusting  the  period  of  disturbance, 
the  other  by  constnicting  the  structure  so  as  to  adjust  the  period  of  free 
vibration  wide  of  that  of  the  disturbance.  The  first  of  these  methods  is 
seldom  applicable,  for  the  period  of  disturbance  is  generally  determined  by 
the  speed  of  revolution  of  some  part  of  the  machinery,  and  which  speed 
must  vary  between  nothing  and  the  highest  which  the  limit  arising  from 
vibration  or  some  other  cause  will  allow.  It  is,  therefore,  to  the  construction 
of  the  structure  that  we  must  look,  in  order  to  prevent  the  period  of  disturb- 
ance from  reaching  that  of  free  vibration.  The  period  of  free  vibration  in 
any  structure  may,  and  generally  will,  be  different  for  different  directions  of 
rocking,  even  when  the  structure  rocks  as  a  whole  on  its  supports ;  and  when 
the  structure  consists  of  many  parts  with  more  or  less  elastic  connections, 
all  of  these  parts  may  have  different  periods  of  rocking.  Thus  each  branch 
of  a  tree  if  shaken  separately  would  swing  in  a  different  period  from  the 
tree  as  a  whole,  and  each  apple  in  a  different  period  from  the  branch  ;  so  that 
if  we  attempt  to  shake  the  stem  in  a  wrong  period  for  the  whole  tree,  we 
shall  probably  succeed  in  shaking  some  branch. 
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Without  going  too  deeply  into  the  mechanics  of  the  subject,  we  may 
look  on  a  structure  or  a  part  of  a  structure  as  a  solid  mass  on  elastic 
supports ;  and  then  there  will  be  in  all  six  independent  ways  in  which  it  can 
vibrate  or  swing,  all  of  which  may  have  different  periods.  There  will  be 
three  linear  motions — for  instance,  up  and  down,  north  and  south,  east  and 
west,  or  in  whatever  directions  these  may  be,  they  must  be  at  right  angles  to 
each  other ;  and  three  circular  or  rotary  vibrations  about  these  axes  at  right 
angles.  Owing  to  a  want  of  pliancy  in  the  supports  perceptible  rocking  is 
seldom  possible  in  all  these  directions.  For  instance,  if  we  fix  a  hammer 
with  a  long  shaft  in  a  vice,  pinching  the  bottom  of  the  shaft  with  the  head 
upwards,  then  the  head  may  oscillate  in  two  ways.  If  the  broadest  way  of 
the  handle  be  east  and  west,  then  the  head  if  set  swinging  would  swing  in 
one  period  east  and  west,  another  north  and  south,  but  owing  to  the  rigidity 
of  the  shaft  there  could  be  no  perceptible  motion  up  and  down;  also  the 
head  might  have  a  rotary  motion  about  a  vertical  axis  by  twisting  the  shaft, 
but  the  shaft  would  not  allow  of  the  head  having  any  perceptible  rotary 
motion  about  any  horizontal  axis.  In  saying  that  these  are  the  only  three 
directions  of  oscillation,  it  is  not  meant  that  the  body  cannot  be  set  off 
oscillating  in  other  directions,  but  that  it  will  not  continue  to  oscillate  in 
other  directions  if  started.  In  the  case  of  the  hammer,  the  head  might  be 
set  swinging  south-east,  but  it  would  then  change  its  manner  of  swing  until 
it  moved  in  a  circle,  such  a  motion  being  equivalent  to  two  motions  in  con- 
junction, one  north  and  south,  the  other  west  and  east,  which  would  have 
different  periods,  and  so  the  corresponding  phases  would  change. 

These  distinct  periods,  which  are  easily  conceived  in  the  case  of  the 
hammer,  will  exist  more  or  less  in  all  structures.  In  the  locomotive,  for 
instance,  the  boiler  is  capable  of  rocking  on  its  springs,  with  a  lifting  up-and- 
down  motion,  or  with  a  rolling  motion  from  side  to  side,  or  with  what  is 
called  a  bucking  motion,  one  end  rising  and  the  other  falling ;  these  three 
motions  will  have  different  periods.  And  to  avoid  oscillations  in  these 
directions  it  is  necessary  that  these  periods  should  be  such  as  not  nearly  to 
coincide  with  that  of  the  machinery  when  this  is  moving  fast.  But  it  is  not 
only  the  rocking  of  the  engine  as  a  whole  that  has  to  be  considered ;  every 
part  of  the  engine  will  be  capable  of  free  periodic  motion,  and  should  the 
period  of  any  forced  vibrations  rise  into  coincidence  with  any  of  these  periods, 
the  part  to  which  it  belongs  will  be  in  danger.  Such  a  coincidence  is  only 
to  be  avoided  when  all  the  free  periods  are  smaller  than  the  period  of  any 
disturbing  force  at  the  fastest  speed  of  the  engine,  for  since  as  the  engine 
acquires  motion,  the  period  of  disturbance  gradually  diminishes ;  this  must 
come  into  coincidence  with  any  period  of  free  vibration  which  may  be  greater 
than  that  of  the  period  of  disturbance  when  at  its  smallest.  The  periods 
of  vibration  of  any  structure  may  be  diminished  by  increasing  its  stiffness, 
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or  the  stiffness  of  its  supports  or  attachments,  but  there  is  a  limit  to  the 
stiffness  possible,  so  that  the  structure  may  fulfil  its  functions.  For  instance, 
the  springs  of  the  locomotive  have  to  allow  the  wheels  to  adapt  themselves 
to  the  inequalities  of  the  road,  and  if  they  are  too  stiff  they  will  fail  to  do 
this. 

In  this  way  it  is  seen  that  there  must  be  a  limit  to  the  possible  smallness 
of  the  period  of  free  vibration  of  the  structure  and  its  parts,  and  hence  to 
the  speed  of  the  structure,  on  which  the  smallness  of  the  period  of  dis- 
turbance will  depend.  The  stiffness  of  structures  has  for  the  most  part  been 
determined  by  experience,  and  any  further  extensions  of  speeds  will  require 
increased  stiflhess,  and  this  throughout  the  structure;  for  in  any  complex 
structure,  such  as  a  locomotive  or  a  railway  carriage,  there  are  so  many  parts 
of  which  the  free  periods  are  small — the  floor,  roof,  the  sides,  seats,  and 
partitions — that  as  the  period  of  disturbance  becomes  smaller,  nothing  but  a 
general  stiffening  of  the  entire  structure  will  prevent  destructive  vibrations. 
Doubtless  the  parts  may  be  made  stiffer  than  they  are — and  this  without 
materially  increasing  their  weight — which  would  call  in  other  limits  to  speed. 
Much  has  been  done  of  late  years,  imperfectly  as  the  theory  has  been  under- 
stood. This  is  very  apparent  when  we  compare  the  smoothness  of  the  motion 
of  one  of  the  present  northern  express  trains  with  what  it  was  some  few 
yeare  ago.  The  carriages  are,  however,  only  stiffened  up  to  the  normal 
speeds,  any  excess  of  speed  becoming  apparent  by  the  tremour  or  vibration 
which  ensues ;  and  even  at  the  normal  speeds  there  is  room  for  further  im- 
provement, in  the  accomplishment  of  which  careful  attention  to  the  foregoing 
considerations  should  be  of  the  greatest  use. 


IV. 

[From  "The  Engineer,*'  March  17,  1882.] 

The  inertia  of  the  moving  parts  of  a  machine  besides  calling  for  strength 
in  the  parts  themselves,  as,  for  instance,  in  the  tires  of  wheels,  often  calls  for 
restraining  forces  in  the  supports  to  prevent  the  moving  parts  changing 
their  position.  Such  forces  exerted  on  the  frame  when  they  exist  will,  like 
those  in  the  moving  parts  themselves,  increase  in  the  ratio  of  the  square 
of  the  speed,  and  hence  the  possible  speed  would  in  such  cases  be  limited  by 
the  strength  of  the  attachments  or  supports  of  the  frame.  As  a  matter  of 
fact,  the  disturbing  forces  on  the  frame  constitute  one  of  the  commonest 
difficulties  in  the  way  of  attaining  high  speeds,  and  demand  the  most  careful 
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considemtion  at  the  hands  of  engineers.  These  forces  cannot,  like  the  forces 
in  the  moving  parts  themselves,  be  considered  as  fundamental,  since,  except 
for  the  complications  involved,  it  is  always  possible  so  to  arrange  the  moving 
pieces  of  a  machine  that  their  inertia  shall  cause  no  resultant  disturbance  on 
the  whole  frame  and  its  supports,  the  forces  being  confined  to  the  moving 
pieces  and  those  portions  of  the  frame  which  connect  them.  To  accomplish 
this  counterweights  have  to  be  employed,  and  in  some  cases  it  would  be 
necessary  to  add  additional  moving  pieces,  the  only  function  of  which  would 
be  to  oppose  the  inertia  of  the  parts  which  are  necessary  for  the  primary 
purpose  of  the  machine.  When  this  is  done  the  machine  is  said  to  be 
perfectly  balanced.  Tliere  are,  however,  many  considerations  relating  to  the 
balancing  of  machines  which  have  nothing  to  do  with  a  complete  balance, 
for,  as  will  bo  presently  explained,  such  a  balance  is  often  impracticable. 

The  general  theory  of  a  complete  balance  involves  two  conditions :  (1)  in 
order  that  there  may  be  no  force  to  move  the  frame  in  any  particular 
direction,  or  that  there  may  be  no  tendency  to  move  the  centre  of  gravity  of 
the  frame ;  (2)  that  there  may  be  no  tendency  to  turn  the  ftume  round 
about  its  centre  of  gravity.  The  condition  (1)  may  be  simply  expressed. 
The  moving  weights  must  be  so  arranged  that,  however  the  several  weights 
may  move,  the  centre  of  gravity  of  the  whole  system  of  moving  pieces  must 
not  change  its  position  during  the  motion.  The  condition  (2)  may  also 
be  simply  expressed  in  the  language  of  theoretical  mechanics.  It  is  that 
the  moving  weights  must  at  no  time  have  any  aggregate  moment  of  accelera- 
tion about  any  axis  through  the  centre  of  gravity.  To  those  who  are  not 
familiar  with  mathematical  language,  this  second  condition  as  thus  expressed 
may  not  be  very  intelligible,  nor  is  it  easy  to  express  the  complete  condition 
in  more  general  language;  but  as  the  practical  examples  are  for  the  most 
part  very  simple,  it  will  be  sufficient  to  explain  the  condition  as  applied 
to  one  of  these  examples.  Suppose  the  moving  parts  consist  of  two  equal 
weights.  Then  the  first  condition  involves  that  the  accelerations  on  these 
weights  shall  be  equal  and  in  opposite  directions,  i.e.,  if  the  acceleration 
on  the  one  is  north,  that  on  the  other  must  be  south.  But  this  first 
condition  does  nut  require  that  the  centres  of  gravity  of  the  two  weights 
shall  be  opposite  one  another  in  the  direction  of  acceleration ;  this,  however, 
constitutes  the  second  condition.  For  instance,  in  the  case  of  a  crank  shaft 
in  uniform  rotation,  the  centre  of  gravity  of  the  shaft  itself,  lying  in  the  axis, 
will  not  move ;  but  the  centre  of  gravity  of  the  crank  revolving  round  the 
shaft  will  be  subject  to  continual  acceleration,  directed  from  the  axis.  An 
equal  weight  fixed  at  an  equal  distance  from  the  axis,  and  on  the  opposite 
side  to  the  crank,  will  suffice  to  satisfy  the  first  condition,  however  far  along 
the  shaft  it  may  be  from  .the  crank ;  but  to  satisfy  the  second  condition,  the 
centre  of  gravity  of  the  counterweight  and  of  the  crank  must  be  in  a  line 
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perpendicular  to  the  axis  of  the  shaft ;  and  since  the  connecting  rod  occupies 
the  space  opposite  the  crank,  it  is  in  general  impossible  to  balance  a  crank 
with  a  single  weight,  two  weights  having  to  be  used,  placed  so  that  the  centre 
of  gravity  of  the  whole  mass  on  one  side  of  the  crank  shaft  shall  be  opposite 
to  the  centre  of  gravity  of  the  mass  on  the  other. 

The  moving  parts  of  machines  consist  in  general  of  revolving  pieces,  such 
as  crank  shafts,  and  oscillating  pieces,  such  as  pistons  and  connecting  rods, 
the  motion  of  which  is  derived  from,  or  governed  by,  a  revolving  crank. 

In  the  case  of  the  revolving  pieces,  a  complete  balance  may  always  be 
eflTected  in  each  piece  by  the  addition  of  counterweights  on  the  piece  itself. 
Thus,  as  far  as  a  crank  shaft  in  a  locomotive  is  concerned,  apart  from  the 
connecting  rods,  pistons  and  other  moving  parts  attached  to  it,  the  addition 
of  suitable  weights  on  the  driving  wheels  will  satisfy  both  conditions  and 
prevent  any  disturbance  on  the  frame  arising  from  the  revolution  of  the 
crank  shaft.  Oscillating  pieces,  however,  cannot  be  balanced  in  so  simple  a 
manner.  They  require  a  weight  or  weights  of  which  the  centre  of  gravity  is 
in  the  line  of  oscillation,  and  oscillating  in  exactly  the  revei-se  manner.  Now, 
the  manner  of  oscillation  of,  say,  a  piston  depends  not  only  on  the  motion  of 
the  crank,  but  also  on  the  length  of  the  connecting  rod,  the  varying  obliquity 
of  which,  when  the  connecting  rod  is  short,  will  produce  an  important 
eflfect.  The  only  way,  therefore,  in  which  a  connecting  rod  and  piston  can  be 
completely  balanced  is  by  oscillating  weights  connected  with  cranks  on  the 
crank  shaft,  by  connecting  rods  of  such  length  that  their  obliquity  is  always 
the  same  as  that  of  the  connecting  rod  which  drives  the  piston.  In  this  way, 
however,  a  complete  balance  may  be  effected.  That  it  is  rarely  or  never 
done  is  owing  to  the  complexity  and  increased  friction  attending  such  an 
arrangement,  which  renders  it  in  other  ways  a  greater  evil  than  the  disturb- 
ances on  the  frame  which  it  prevents.  Practically,  then,  it  comes  to  this — 
that  revolving  pieces  may  be  completely  balanced;  but,  as  regards  oscillating 
pieces,  the  balance  cannot  be  made  complete. 

In  default  of  a  complete  balance,  there  remains  the  question  as  to  the 
desirability  of  an  imperfect  balance,  or  what  may  be  better  described  as  the 
introduction  of  other  forces,  so  as  to  modify  the  resultant  force  on  the  frame. 
The  practical  possibility  of  such  modifications  is  limited  by  considerations  of 
complexity  and  friction  to  the  addition  of  certain  weights  to  the  crank  shaft, 
which  introduce  forces  in  one  direction  equal  to  those  which  they  balance  in 
the  direction  at  right  angles.  But  for  the  effect  of  the  obliquity  of  the 
connecting  rod,  the  force  arising  from  the  acceleration  of  the  piston  in  the 
direction  of  its  motion  will  at  all  times  be  the  same  as  the  component  in 
that  direction  of  the  centrifugal  force  of  an  equal  weight  revolving  with  the 
crank  and  having  its  centre  of  gravity  in  the  axis  of  the  crank  pin.     The 
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centrifugal  force  of  the  revolving  weight,  however,  would  not  be  confined  to 
the  direction  of  oscillation,  so  that  if  such  a  weight  be  used  to  balance  the 
piston,  it  will  introduce  an  equal  force  at  right  angles  to  the  direction  of 
oscillation.  Thus  if  weights  be  added  to  the  driving  wheels  of  a  locomotive 
of  such  magnitude  as  to  balance  not  only  the  weights  of  the  cranks,  but  also 
weights  equal  to  the  connecting  rods  and  pistons,  having  their  centres  of 
gravity  in  the  crank  pins,  the  only  horizontal  forces  will  be  those  which  arise 
from  the  effect  of  the  obliquity  of  the  connecting  rods  on  the  motion,  while 
vertical  forces  will  have  been  introduced  nearly  equal  to  what  the  horizontal 
forces  arising  from  the  pistons  and  connecting  rods  would  have  been.  The 
effect  of  smaller  balance  weights  is  to  leave  more  of  the  horizontal  forces 
unbalanced,  and  introduce  less  vertical  force.  Such  is  a  sketch  of  what  may 
be  called  the  practical  possibilities  of  balancing  machines,  which,  like  a  steam 
engine,  involve  oscillating  pieces. 

There  will,  therefore,  always  be  disturbances  in  the  frame,  unless  they 
are  prevented  by  the  strength  of  the  supports,  but  it  is  possible  to  so 
arrange  counterweights  as  to  mitigate  these  forces  in  one  direction  by  intro^ 
ducing  equal  forces  in  a  direction  at  right  angles.  The  problem  as  to 
how  far  it  is  desirable  to  do  this,  is  that  which  the  practical  engineer  has  to 
solve,  and  which,  owing  to  a  multiplicity  of  considerations,  can  in  reality 
only  be  solved  by  experiment.  There  are,  however,  several  leading  consider- 
ations, a  general  apprehension  of  which  should  much  facilitate  the  task. 

When  there  is  nothing  to  limit  the  firmness  and  stiffness  that  can  be 
given  to  the  frame  and  its  supports  in  the  directions  in  which  the  forces 
which  arise  from  the  inertia  of  the  moving  parts  tend  to  move  it,  there 
is  but  little  inconvenience  arising  from  these  forces.  Thus  in  a  stationary 
steam  engine  founded  in  the  earth  steadiness  may  be  obtained  by  weight 
and  solidity  of  foundations,  almost  the  only  drawback  being  the  expense 
entailed  and  the  space  occupied. 

But  when  an  engine  has  to  be  carried  by  a  floor  or  on  any  structure  more 
or  less  elastic,  then  the  case  is  different,  and  it  becomes  a  question  of  the 
greatest  importance  in  which  direction  disturbing  forces  will  produce  the 
least  and  in  which  the  most  harmful  effect,  it  being  desirable  as  far  as 
possible  to  balance  the  forces  in  the  latter  direction  at  the  expense  of 
forces  in  other  directions. 

It  is  not,  however,  simply  a  question  of  stiffness,  as  it  may  happen  from 
various  reasons  that  equal  forces  caused  by  the  revolution  of  the  engine 
might  do  more  harm,  and  under  certain  circumstances  even  cause  gi-eater 
disturbance  in  that  direction  in  which  the  supports  are  stiffest.  The 
consideration  of  the  circumstances  on  which  vibrations  depend,  as  described 
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in  the  preceding  article,  at  once  shows  that  the  directions  in  which  the 
greatest  disturbance  of  the  frame  is  likely  to  result  from  forces  caused 
by  the  revolution  of  the  engine,  are  those  directions  in  which  the 
period  of  free  vibration  of  the  frame  on  its  supports  nearly  corresponds 
to  the  period  of  revolution  of  the  engine.  And  where  there  is  any 
direction  in  which  such  a  near  coincidence  occurs,  it  is  an  absolute 
necessity  that  in  this  direction  the  balance  should  be  as  nearly  perfect  as 
possible.  It  is  often  impossible  to  ascertain  beforehand  in  which  direction 
such  a  coincidence  may  be  expected,  but  its  existence  at  once  declares  itself 
upon  the  engine  being  put  to  work.  Indeed,  wherever  an  engine  or  revolv- 
ing machinery  causes  a  visible  swinging  vibration,  it  is  in  consequence 
of  such  a  coincidence  of  periods,  and  the  oscillations  will  be  found  to  occur 
in  batches,  the  magnitude  of  the  oscillations  and  the  number  in  each  batch 
increasing  as  the  speed  of  the  engine  approaches  some  particular  value. 
This  may  be  seen  in  many  cranes.  In  such  structures  the  period  of  oscilla- 
tion depends  upon  the  load  suspended,  and  hence  it  will  often  be  seen  that 
while  the  engine  which  works  the  crane  will  run  quite  steadily  when  the 
crane  is  unloaded,  when  loaded,  decided  oscillations  are  set  up ;  or  it  may  be 
just  the  other  way,  and  oscillations  occur  when  there  is  no  load,  while  the 
structure  is  steady  when  the  load  is  on.  In  almost  all  such  cases  the 
oscillations  might  be  prevented  by  counterweights  so  placed  as  to  alter  the 
direction  in  which  the  forces  occur. 

Such  oscillations  are,  as  has  been  said,  to  be  feared  chiefly  in  cases  where 
the  frame  of  the  engine  is  carried  on  elastic  supports.  All  engines  supported 
on  springs — as  portable  or  traction  engines — are  liable  to  them,  as  are  also 
marine  engines,  owing  to  the  elasticity  of  the  ship.  And  in  these  cases  it  is 
only  in  avoiding  such  oscillations  that  counterweighting  has  to  be  studied. 
In  some  cases,  however,  notably  that  of  the  locomotive,  it  is  not  only  in 
causing  such  oscillations  as  ensue  when  the  directions  and  periods  of  free 
vibration  and  of  the  unbalanced  forces  coincide,  that  such  forces  are  harmful. 
In  the  locomotive,  although  the  frame  of  the  engine  rests  on  elastic  supports, 
namely,  the  springs,  yet  the  revolving  piece — the  crank  shaft  with  the 
driving  wheels,  whence  alone  can  arise  vertical  unbalanced  forces — rests  on 
the  rails,  which  afford  a  very  rigid  support  in  a  downward  direction,  and  to 
prevent  upward  motion  there  is  the  axle-box  with  the  weight  of  the 
locomotive  upon  it.  Unbalanced  weights  on  the  crank  shaft  cannot  there- 
fore cause  in  a  vertical  direction  such  oscillations  as  have  just  been 
considered;  but  they  give  rise  to  other  evils.  If  the  centrifugal  force  is 
sufficient  it  will  lift  the  axle-box  against  the  pressure  of  the  spring,  causing 
the  wheel  to  leave  the  rail  cm  to  which  it  will  return  with  a  blow,  causing 
what  is  known  as  hammering ;  while  short  of  this  a  want  of  vertical  balance 
will  cause  the  wheel  to  run  with  varying  pressure  or  tread  upon  the  rail, 
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which  will  cause  the  wheel  to  wear  out  of  the  round,  even  if  the  pressure  be 
nowhere  sufficiently  relieved  to  allow  the  wheels  to  slip.  Of  these  evils 
hammering  must  be  avoided,  i.e.,  the  speed  of  the  engine  must  not  reach 
the  point  at  which  this  begins,  and  the  load  and  speed  should  not  be  so 
great  as  to  cause  slipping.  But  the  wear  arising  from  unequal  tread  is  not 
so  serious  an  evil  but  that  it  may  be  faced  as  an  alternative  for  other  evils. 
A  certain  limited  want  of  balance  in  the  vertical  direction  is  thus  per- 
missible. 

In  a  horizontal  direction  the  character  of  the  support  of  the  engine  and 
crank  shaft  is  altogether  different.  In  this  direction  the  crank  shaft  is  held 
to  the  frame  of  the  engine  by  the  axle-boxes,  but  the  fitime  of  the  engine 
resting  on  the  wheels  has  no  backward  and  forward  support  at  all,  except 
such  as  is  derived  from  the  elastic  drawing  apparatus  which  connects  it  with 
the  train.  While  as  regards  twisting  about  a  vertical  axis  which  causes  the 
engine  to  run  with  a  sinuous  motion,  the  only  support  is  that  derived  from 
the  comparatively  loose  fit  of  the  flanges  of  the  wheels  between  the  rails. 
Thus  any  want  of  balance  in  a  horizontal  direction  causes  the  engine  to  move 
forward  with  an  uneven  motion  or  with  a  sinuous  motion  on  the  rails.  The 
last  of  these  evils  is  the  worst,  but  they  are  both  bad  according  to  their 
degree. 

As  we  have  seen,  the  motions  of  the  pistons  and  connecting  rods  intro- 
duce horizontal  forces  such  as  will  produce  one  or  other,  or  generally  both, 
these  evils.  These  horizontal  forces  can  only  be  diminished  by  counter- 
weights on  the  driving  wheels,  which  introduce  vertical  forces  equal  in 
magnitude  to  those  which  they  balance.  It  is  a  question,  therefore,  between 
two  evils — unsteady  horizontal  motion  or  unequal  tread.  Experience  has 
shown  that,  up  to  a  certain  point,  the  latter  evil  is  the  least,  and  that  it  is 
better,  at  least  in  part,  to  balance  the  horizontal  forces.  As  to  the  exact 
degree  in  which  this  should  be  done  practice  differs.  Nor  is  there  sufficient 
data  on  which  to  lay  down  a  general  rule ;  but  the  circumstances  which  in 
each  case  should  determine  the  balance  weights  are  to  be  inferred  from  the 
foregoing  considerations.  The  limit  to  the  counterweights  lies  in  the 
inequalities  which  they  cause  in  the  pressure  of  the  driving  wheels  on 
the  rails;  and  hence  the  permissible  magnitude  of  these  inequalities  is 
what  should  be  ascertained  in  order  to  determine  the  balance  weights.  Or, 
in  other  words,  what  is  wanted  to  be  known  is  the  greatest  proportion  to 
the  gross  load  on  the  driving  wheels  that  the  vertical  component  of  the 
centrifugal  force  may  be  practically  allowed  to  bear,  and  the  counterweight 
might  then  be  designed  so  as  to  produce  this  force  when  the  engine  is  run- 
ning at  its  normal  speed;  unless,  indeed — as  would  never  happen — such 
weight  was  more  than  sufficient  to  balance  the  horizontal  forces. 
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This  method  of  arriving  at  the  best  counterweight  is  the  only  logical  one. 
The  usual  custom  appears  to  be  to  balance  a  certain  proportion  of  the 
horizontal  forces.  This,  however,  is  not  logical,  since  but  for  the  vertical 
eflfect  of  the  counterweights,  the  more  perfectly  the  horizontal  forces  are 
balanced  the  better,  and  there  is  no  fixed  ratio  between  the  horizontal  forces 
and  the  load  on  the  driving  wheels  which  determines  the  allowable  magni- 
tude of  the  vertical  forces.  The  common  rules,  too,  as  to  the  distribution  of 
the  balance  weights,  are  apt  to  be  faulty,  for  by  these  rules  the  distribution 
of  counterweights  is  to  be  such  as  would  completely  balance  weights  centered 
in  the  crank  pins  bearing  a  certain  proportion  to  the  oscillating  weights. 
So  that  not  only  does  the  imperfection  of  the  horizontal  balance  produce 
irregularities  in  the  forward  motion  of  the  engine,  but  it  also  produces 
a  twisting  or  sinuous  motion.  Now,  whatever  proportion  of  the  horizontal 
weights  may  be  balanced,  the  counterweights  may  be  so  placed  on  the 
wheels  as  entirely  to  prevent  the  twisting  or  sinuous  motion.  The  rule, 
therefore,  as  far  as  it  is  possible  to  state  it,  should  be  to  use  the  largest 
counterweights  which  the  load  on  the  driving  wheels  will  allow,  and  to 
distribute  it  so  as  to  balance  all  tendency  to  turn  the  crank  shaft  about  a 
vertical  axis. 

In  the  case  of  coupled  engines,  the  balance  weights  should  obviously  be 
equally  distributed  between  the  wheels,  so  that  the  inequality  of  wear  may 
also  be  distributed.  In  these  engines  it  is  a  common  custom  to  make  the 
coupling  rods  and  the  crank  pins  which  carry  them  act  the  part  of  counter- 
weights for  the  pistons  and  driving  cranks,  by  placing  the  coupling  crank 
pins  on  the  opposite  side  of  the  shaft  to  the  driving  cranks.  This  effects  a 
considerable  reduction  in  the  actual  counterweight,  but  tbis  appears  to  be 
the  only  point  gained,  while  in  order  to  reduce  the  forces  and  friction  on  the 
journals,  the  coupling  rod  crank  should  be  on  the  same  side  of  the  shafts  as 
the  driving  cranks,  so  that  the  forces  transmitted  to  the  coupling  rods  may 
not  be  transmitted  through  the  jounials  and  thus  cause  increased  friction 
on  the  bearings. 

The  disturbing  effect  of  the  inertia  of  the  oscillating  parts  forced  itself 
into  notice  very  early  in  the  days  of  the  locomotive,  and  immediate  good  was 
found  to  result  from  the  use  of  counterweights,  which,  by  increasing  the 
steadiness,  allowed  higher  speeds  to  be  attained.  It  does  not  appear, 
however,  that  any  systematic  attempts  to  determine  the  best  arrangements 
of  the  balance  weights  have  been  recorded.  Experiments  have  been  made 
from  which  certain  conclusions  have  been  drawn,  but  the  subject  has  not 
received  the  treatment  which  its  importance  deserves.  This  is  doubtless 
because  the  investigation  is  one  which  involves  the  long-continued  control, 
in  certain  respects,  of  locomotive  engines,  while  those  who  have  had  this 
control  have  not  been  able  to  devote  unclouded  attention  to  this  subject. 
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If  a  railway  company  would  engage  the  assistance  of  one  of  the  highly- 
qualified  young  engineers  to  be  found  at  the  present  time,  giving  him  the 
control  of  the  balance  weights  and  a  sufficient  number  of  locomotives,  and 
power  to  watch  the  results,  both  as  regards  steadiness  and  wear,  for  a  con- 
siderable period,  not  only  would  they  be  amply  repaid,  but  they  would  earn 
the  gratitude  of  all  locomotive  engineers,  and,  indeed,  of  the  travelling 
public. 
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ON   AN   ELEMENTARY  SOLUTION  OF  THE  DYNAMICAL 
PROBLEM   OF  ISOCHRONOUS  VIBRATION. 


[From  the  Twenty-second  Volume  of  the  *'  Proceedings  of  the  Literary 
and  Philosophical  Society  of  Manchester,"  Session  1882-83.] 

(Read  November  14,  1882.) 

When  a  heavy  body  is  free  to  move  in  one  direction,  subject  only  to  a 
force  which  is  proportional  to  the  distance  the  body  has  moved  from  some 
neutral  position,  and  tends  to  return  the  body  to  that  position,  the  bo<iy  will, 
if  set  in  motion,  vibrate  about  the  neutral  position  in  a  period  which  is 
independent  of  the  magnitude  of  the  motion. 

The  deduction  of  this  theorem  from  the  laws  of  motion,  although  well 
known,  is  generally  accomplished  by  the  solution  of  a  differential  equation. 
In  some  text  books  this  is  avoided  by  comparing  the  law  of  force  on  the 
vibrating  body  with  that  of  a  component  of  the  centrifugal  force  on  a 
revolving  body ;  this  method  involves  no  mathematical  difficulties,  but  it  is 
indirect  and  hides  rather  than  removes  the  dynamical  difficulties.  My  own 
experience  has  shown  me  that  the  mathematical  difficulty  or  obscurity  of 
these  methods  stand  very  much  in  the  way  of  those  who  are  commencing  the 
study  of  practical  mechanics,  in  which  vibration  and  oscillation  play  a  part  of 
fundamental  importance.  It  was  with  a  view  of  meeting  the  requirements  of 
such  students  that  I  sought  for  a  method  involving  only  Elementary  Mathe- 
matics, in  which  the  solution  depended  directly  on  the  principle  of  the 
conservation  of  energy.  Having  succeeded  in  finding  such  a  method,  which, 
although  it  bears  a  superficial  resemblance  to  the  method  of  the  text  books 
already  mentioned,  so  far  as  I  am  aware,  has  not  hitherto  been  published,  it 
seems  that  it  may  be  useful  to  publish  it. 
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The  method  is  to  show  that  the  vibrating  body  will  at  all  times  be 
opposite,  in  a  direction  perpendicular  to  its  path,  to  a  body  revolving 
uniformly  in  a  circle,  having  a  diameter  equal  to  the  amplitude  of  oscillation, 
with  a  velocity  equal  to  the  greatest  velocity  of  the  vibrating  body. 

Let  0  be  the  neutral  position  of  the  body  considered  as  a  point,  AOB  the 
path  described  during  oscillation,  let  p  be  the  force 
on  the  body  when  at  a  unit  distance  from  0,  so  that 
as  the  force  varies  uniformly  with  the  distance,  px 
will  be  the  force  at  the  distance  OP  =  x. 

Take  PN  perpendicular  to  OP  and  make  PN 
on  some  scale  equal  px,  then  N  will  lie  on  a  straight 
line  GOD,  and  the  area  OPN  will  represent  the 
work  U  done  against  the  force  in  moving  from  0  to 
to  P  and 


jPNx  OP     pa? 
2  2 


.(1). 


Let  W  be  the  weight  and  v  the  velocity  of  the  body,  then  by  the  conser- 
vation of  energy 


•(2). 


^,^„.y^.E 

where  E  is  the  energy  of  the  system  and  v^  the  velocity  at  0,  or  substituting 
from  equation  (1) 

Wv.'^W^^po^  ._^ 

2g  ^  ig  ^   2   ^'*^; 


but  when  P  is  at  ^  or  5,  v  =  0  ;  put  OA  =  a,  then 


pa^  = 


•W. 


and  equation  (3)  becomes 


W 

—  v'^pia'-a?). 


.(5). 


Describe  a  circle  about  0  as  centre  with  a  rtidius  a,  and  let  PN  produced 
meet  this  circle  in  Q,  and  let  QT  the  tangent  at  Q  meet  AB  in  T,  then  the 
triangle  QTP  will  be  similar  to  OQP  and 


PTPQ 
TQ     OQ 


.(6). 


Now  suppose  a  point  at   Q  moving  with  a  velocity  u  such  that  it  keeps 
opposite  to  P. 
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Then  the  component  of  this  velocity  parallel  to  A  B  is 

PT_    PQ 

and  this  is  v  since  Q  remains  opposite  to  P, 
Therefore  substituting  in  equation  (5) 

Then  since  PQ»  =  OQ'  -  0P«  =  a«  -  a;»  we  have 

w 

i>a'=  — «»  (7). 

Therefore  Q  moves  on  the  circle  with  a  velocity 

which  is  constant.  Or  the  motion  of  the  vibrating  body  will  be  such  that  it 
always  keeps  opposite  in  a  direction  perpendicular  to  its  path  to  a  body 
revolving  in  a  circle  of  diameter  equal  to  the  amplitude  and  with  the  greatest 
velocity  of  the  vibrating  body. 

This  completely  defines  the  motion  of  the  vibrating  body  for  starting  from 
A  the  arc  described  by  the  vibrating  body  after  time  t  is  a  a/^.^ and  the 
vibrating  body  will  be  opposite. 

The  time  of  a  complete  oscillation  will  be  the  time  taken  to  complete 
a  revolution.     If  t  is  the  time  of  oscillation 

Therefore  the  time  of  oscillation  is  given  by 

<=2,rA/^ (8). 
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THE  COMPARATIVE  RESISTANCES  AND  STRESSES  IN  THE 
CASES  OF  OSCILLATION  AND  ROTATION  WITH  REFER- 
ENCE  TO  THE  STEAM  ENGINE  AND  DYNAMO. 


[From  "The  Engineer."  January  5,  1883.] 

1.  The  two  principal  motions  which  are  given  to  the  parts  of  machines 
are  uniform  rotation  and  oscillation.  These  motions  are  both  possible,  and 
are  both  capable  of  performing  mechanical  operations ;  and  the  question  as 
to  why  one  or  the  other  should  be  used  gives  rise  to  some  interesting  points. 
In  some  cases,  as  in  that  of  the  lathe,  the  general  purpose  of  the  machine 
renders  one  or  other  of  these  kinds  of  motion  essential ;  but  this  is  not  so 
often  the  case  as  at  first  sight  appears,  for,  if  we  consider,  there  are  few 
operations  performed  by  machines  which  cannot  be  performed  in  some  way 
or  another  by  animals,  and  continuous  rotation  is  unknown  in  the  animal 
mechanics.  Nature  has  worked  entirely  by  oscillation,  so  that  the  use  of 
continuous  rotation  in  machinery  must  be  because,  for  some  reason,  it  is 
preferred  to  oscillation.  As  to  the  reason  for  this  preference,  animal 
mechanics  does  not  help  us,  for  tlie  constitutions  of  animals  require  a 
certain  amount  of  continuity  in  the  material  throughout  the  entire  animal, 
and  this  is  inconsistent  with  continuous  rotation.  In  machinery,  however, 
this  reason  for  the  choice  of  reciprocation  is  altogether  absent,  and  it  has 
to  compete  with  rotation  on  its  merits  in  other  respects. 

2.  The  respects  in  which  the  motions  of  reciprocation  and  rotation  may 
be  compared  are  numerous,  and  sometimes  complex ;  amongst  the  principal 
are  adaptability  to  the  operation,  simplicity  of  construction,  and  friction. 

3.  The  first  two  of  these  respects  are  those  in  which  the  relative  merits 
of  the  two  classes  of  motion  are  most  obvious,  and   accordingly  we   may 
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expect  to  find  that  the  choice  of  one  or  other  class  of  motion  generally 
turns  on  their  relative  adaptability  to  a  particular  operation,  and  the 
simplicity  of  construction  of  the  mechanism  involved.  It  may  happen  that 
in  both  these  respects  the  same  motion  is  to  be  preferred:  but  in  many 
very  important  cases  it  seems  that  as  regards  choice  of  motion,  adaptability 
to  the  operation  is  at  variance  with  simplicity  of  construction :  then  there 
is  rivalry  between  the  two  classes  of  motion,  and  the  choice  is  not  easy. 

Thus  we  find  that,  although  one  or  other  class  of  motion  has  firmly 
established  itself  for  certain  purposes,  there  are  a  vast  number  of  cases  in 
which  there  has  been  and  still  is  a  contest  more  or  less  close.  Illustrations 
are  not  far  to  seek.  We  find  reciprocating  and  rotary  pumps  and  blowing 
machines,  reciprocating  pressure  engines  and  revolving  wheels  or  turbines 
for  obtaining  power  from  water,  reciprocating  and  rotary  saws.  We  might 
say  oscillating  and  rotary  propellers,  but  the  rotary  motion  seems  to  have 
established  itself  for  steam  boats,  although  the  oscillating  oar  holds  the 
advantage  for  manual  labour.  Numerous  other  instances  might  be  given, 
but  it  will  be  sufficient  to  give  two,  and  to  these  attention  will  be  chiefly 
directed.  The  first  is  the  steam  engine,  and  the  second  the  dynamo- 
electric  machine  and  electric  motor. 

In  the  steam  engine,  although  reciprocation  has  the  best  of  it,  the  battle 
has  never  been  given  up.  This  is  a  case  in  which  simplicity  of  construction 
is  apparently,  at  all  events,  at  variance  with  adaptability  to  the  operation. 
In  some  cases,  as  in  pumping  engines,  the  operation  involves  or  admits  of 
reciprocation,  and,  as  is  well  known,  it  was  to  such  operations  only  that  the 
steam  engine  was  confined  for  about  a  hundred  years  after  its  invention. 
For  these  purposes  it  would  naturally  seem  that  the  reciprocating  motion 
was  most  applicable.  But  so  little  applicable  to  move  revolving  machinery 
did  it  appear,  that  when,  after  the  lapse  of  a  century.  Watt  improved  the 
engine  and  saw  the  importance  of  applying  it  to  revolving  machinery,  he 
kept  his  improvements  waiting  for  something  like  ten  years  while  he  was 
attempting  to  find  a  revolving  substitute  for  the  reciprocating  piston.  At 
last  he  gave  up  the  quest,  and  found  in  the  crank,  or  his  bastard  form  of 
it,  a  means  of  applying  the  reciprocating  engine  to  purposes  requiring 
revolution.  But  although  abandoned  by  Watt,  the  quest  has  been  and 
is  still  being  followed  by  others.  The  apparently  obvious  advantage  of  a 
revolving  engine,  and  the  apparent  simplicity  of  the  problem,  offer  so 
tempting  a  field  for  invention,  that  probably  nine  out  of  ten  of  those  who 
commence  practical  mechanics  engage  in  it  until  they  find  how  thoroughly 
others  have  been  over  the  ground  before  them.  So  the  reciprocating  engine 
holds  its  own  in  the  long  practical  test.  This  may  be  said  to  be  on  account 
of  its  simplicity  of  construction,  and  the  adaptability  of  the  reciprocating 
piston  to  the  operation  of  taking  the  work  out  of  the  steam :  still  nothing 
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approaching  a  satisfactory  theoretical  or  scientific  explanation  of  its  advantage 
has  been  given.  Thus  the  advantage  of  the  reciprocating  over  the  rotary 
steam  engine  stands  almost  entirely  as  an  empirical  fact,  without  explanation, 
and  somewhat  in  opposition  to  what  has  been  thought  probable  from  scientific 
consideration. 

On  the  other  hand  if  we  turn  to  the  dynamo-electric  machine,  we  see 
that  the  case  is  reversed.  If  there  is  an  operation  for  which  reciprocating 
motion  appears  to  be  adapted,  it  is  the  conversion  of  mechanical  energy 
into  electric  currents,  particularly  into  alternating  currents,  such  as  are 
best  adapted  for  the  electric  light.  In  this  operation  there  is  something 
approaching  to  a  necessity  for  continuity  in  the  material,  such  as  that 
which  determines  the  motion  in  animal  mechanics  to  be  that  of  oscillation. 
Reciprocating  motion  would  allow  of  continuity  of  material,  whereas,  in  the 
case  of  continuous  revolution,  continuity  in  the  conductors  is  only  imperfectly 
secured  by  causing  the  stationary  position  of  the  conductor  to  press  against 
the  moving  portion.  Again,  the  modus  operandi  is  to  cause  soft  iron  alter- 
nately to  approach  and  recede  from  magnets,  or  to  cause  coils  of  the  conducting 
wire  to  move  so  that  the  lines  of  magnetic  force  alternately  pass  inside  and 
outside  the  coil. 

The  telephone  acts  by  a  reciprocating  dynamo  and  motor,  and  its 
efficiency  is  such  as  to  show  how  perfectly  the  motion  of  reciprocation  is 
adapted  for  these  purposes.  Experience  in  the  construction  of  the  dynamo 
may  as  yet  be  called  small :  but  while  the  records  of  the  "  Patent  Journal " 
show  that  some  of  the  most  successful  electricians  have  started  with  a  belief 
in  the  adaptability  of  vibration,  all  the  numerous  successful  machines  have 
been  rotary.  It  is  probable  that  some  reason  for  this  has  occurred  to  those 
most  deeply  engaged  in  the  subject,  but  I  am  not  aware  that  any  has  been 
publicly  expressed :  so  that  we  may  say  that  the  advantage  of  rotary  motion 
in  the  dynamo  is  an  empirical  fact,  and  is  somewhat  opposite  to  what  might 
have  been  expected.  It  would  seem,  however,  that  this  paradox  is  not  so 
obscure  as  that  of  the  advantages  of  the  reciprocating  engine ;  and  it  is  not 
improbable  that  the  explanation  of  the  less  difficult  paradox  may  throw  some 
light  on  that  which  has  so  long  remained  unsolved.  In  the  case  of  the 
dynamo  the  considerations  are  much  narrowed  down,  and  hence  the  ground 
for  advantage  must  be  more  distinct. 

4.  A  careful  study  of  the  kinetics  of  the  problem  shows  that  there  is 
one  important  respect  not  specifically  dealt  with  in  the  treatises  on  the 
theory  of  machines,  in  which,  as  it  would  occur  in  the  dynamo,  reciprocation 
must  be  at  a  great  disadvantage  as  compared  with  rotation.  This  respect  is 
the  third  mentioned  in  §  (2).  Careful  consideration  shows  that  in  the  dynamo 
reciprocation  must  be  at  a  great  disadvantage  as  regards  friction.     This  may 
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not  appear  to  be  unnatural,  although  the  data  and  methods  for  investigating 
the  friction  of  reciprocation,  as  compared  with  rotation,  have  not  been 
formulated,  there  is  a  general  impression  that  the  balance  would  be  against 
oscillation.  Indeed,  it  is  probable  that  this  impression  is  one  of  the  reasons 
which  has  led  to  the  persistent  attempts  to  produce  a  rotary  steam  engine. 
But  such  an  indefinite  impression  entirely  fails  to  explain  why  rotary  motion 
should  have  an  advantage  under  the  circumstances  of  the  dynamo  which  it 
has  not  under  those  of  the  steam  engine,  or  why  reciprocation  should  be  at 
a  disadvantage  in  the  dynamo-electric  machine  when  it  is  not  in  the  dynamo 
of  the  telephone.  Under  these  circumstances  it  appeared  desirable  to 
attempt  a  more  definite  study  of  the  friction  of  reciprocation  as  applied  to 
circumstances  such  as  exist  in  the  dynamo.  This  brings  out  facts  which 
must  be  of  great  importance  in  the  theory  of  machines,  and  which  are 
altogether  in  the  direction  of  explaining  the  foregoing  riddles. 

It  appears  that  the  amount  of  friction  which  has  to  be  overcome  in 
maintaining  the  motion  of  reciprocation  of  a  particular  piece  of  a  machine 
controlled  as  by  a  crank,  is  not,  as  in  the  case  of  rotation,  a  quantity 
depending  merely  on  the  weight,  manner  of  support,  and  motion  of  the 
reciprocating  piece,  but  depends  essentially  on  the  forces  which  the  recipro- 
cating part  is  transmitting  during  its  motion :  and  in  general  diminishes  as 
those  forces  increase  up  to  a  certain  point,  when  it  vanishes.  To  take  an 
illustration — in  an  ordinary  steam  engine  doing  full  work  it  can  be  shown  that 
the  friction  resulting  purely  from  the  motion  being  reciprocating  is  zero :  but 
if  the  load  be  taken  off  the  engine  and  the  governors  act  so  as  to  control  the 
speed,  the  friction  due  to  reciprocation  will  rise,  and  will  reach  a  maximum 
when  the  engine  is  doing  no  work  except  driving  itself 

The  same  would  be  to  a  certain  extent  the  case  in  a  crank-driven  recipro- 
cating dynamo.  When  moving  unexcited,  i.e.  with  the  circuit  open  and 
doing  no  work,  the  resistance  from  the  friction  entailed  by  the  reciprocating 
motion  would  be  a  maximum.  When,  by  closing  the  circuit,  resistance  was 
thrown  on  to  the  machine,  the  work  spent  in  friction  from  reciprocation 
would  diminish,  but  it  could  not  altogether  vanish.  In  order  that  it  might 
vanish  altogether,  the  resistances  encountered  towards  the  end  of  the  stroke 
must  bear  a  certain  relation  to  the  weight  and  velocity,  or  more  correctly,  to 
the  energy  of  motion  of  the  reciprocating  part,  and  this  relation  cannot  be 
reached  under  the  circumstances  of  the  practical  dynamo,  in  which  the  energy 
of  motion  of  the  reciprocating  piece  bears  a  much  greater  proportion  to  the 
work  done  than  in  the  steam  engine,  and  in  which  the  resistances  fall  off  at  the 
end  of  the  stroke.  Thus  while  in  the  steam  engine  the  lightness  of  the  piston 
compared  to  the  pressure  which  the  steam  exerts  upon  it  at  the  commence- 
ment of  the  stroke,  allows  of  its  being  driven  at  convenient  speeds  without 
entailing — when  doing  work — any  extra  friction  from  the  reciprocation:  in 
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the  dynamo,  owing  to  the  smallness  of  the  resistance  at  the  ends  of  the 
stroke  compared  with  the  weight  of  the  reciprocating  piece  and  the  high 
speed  required  to  develop  the  power,  the  friction  entailed  by  reciprocation 
would  be  large. 

In  this  comparison  both  machines  are  supposed  to  be  controlled  by  the 
crank.  The  friction  under  such  circumstances  is  not  at  all  the  same  as  when 
the  reciprocating  piece  is  controlled  in  other  ways,  as  by  a  spring.  In  the 
telephone  the  motion  is  controlled  by  a  spring,  so  that  the  same  argument 
does  not  apply  here.  There  are,  however,  certain  limits  to  such  a  method  of 
control,  which  it  is  not  unimportant  to  consider.  In  order  to  render 
intelligible  the  reasoning  relating  to  these  points,  it  will  be  necessary  to 
enter  somewhat  upon  the  kinetics  of  reciprocation,  and  this  will  form  the 
subject  of  my  next  article. 


II. 

[From  "  The  Engineer,"  January  19,  1883.] 

5.  The  object  of  the  present  article  is  the  consideration  of  certain 
dynamical  problems  presented  by  the  oscillating  pieces  of  machines.  In 
former  articles  under  the  head  "Limits  to  Speed,"  it  has  been  shown  that  the 
resistance  called  forth  by  the  inertia  of  the  revolving  and  oscillating  parts  of 
machines  must,  as  the  speed  increases,  reach  a  point  beyond  which  the 
strength  of  material  will  not  allow  them  to  go.  In  this  respect  there  is  but 
little  difference  between  revolving  and  oscillating  pieces.  But,  as  regards 
friction,  or  the  work  necessary  to  overcome  friction,  it  will  appear  that 
oscillating  pieces  stand  in  a  very  different  position  to  rotary  pieces. 

In  applying  the  principles  of  mechanics  to  machines  it  is  customary  to 
treat  separately  the  kinematical,  or  purely  geometrical  considerations,  leaving 
all  forces  out  of  account.  In  this  respect,  i.e.,  as  regards  the  geometry 
of  their  motion,  mechanisms,  such  as  the  crank  and  piston,  which  involve 
oscillating  pieces,  have  received  their  due  share  of  attention.  But  considera- 
tions relating  to  the  forces  in  such  mechanism  have  not  received  very 
systematic  treatment.  These  considerations  belong  to  two  different  classes, 
those  which  do  not  and  those  which  do  depend  on  the  inertia  of  the  moving 
parts.  The  first  of  these,  although  applied  to  moving  bodies,  are  strictly 
statical,  relating  solely  to  the  resolution  and  balance  of  forces ;  and  it  is  this 
class  which  has  received  most  attention.  The  considemtions  relating  to  the 
inertia  of  the  parts  have  been  much  neglected.  They  constitute  what,  a  few 
years  ago,  would  have  been  called  the  dynamics  of  machinery,  but  what 
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is  now  better  expressed  as  the  kinetics  of  machinery.  In  some  few  instances, 
as  in  the  case  of  the  fly-wheel  of  the  steam-engine,  inertia  is  necessary  to  the 
action  of  the  machine ;  but  with  the  majority  of  moving  pieces  the  inertia 
only  plays  an  incidental  part  in  the  action  of  the  machine,  or,  in  other  words, 
the  machine  would  get  on  better  if  these  parts  could  be  made  of  matter 
without  inertia,  and  hence  it  has  been  very  much  the  custom  to  leave  inertia 
out  of  consideration. 

This  omission  to  consider  the  eflTect  of  inertia  has  been  one  of  the  main 
causes  of  the  much  complained  of  discrepancy  between  theory  and  practice, 
and  it  is  to  such  considerations  that  we  must  look  for  explanations  of  the 
practical  selection  of  one  form  of  mechanism  from  amongst  several,  which,  so 
far  as  kinematics  show,  appear  to  be  equally  applicable,  as  for  instance,  the 
reciprocating  piston  as  against  all  forms  of  rotary  engines.  For  some 
purposes  the  requisite  motion  is  so  slow  that  the  inertia  and  energy  of 
motion  of  the  moving  parts,  and  quantities  depending  on  these,  are  so  small 
as  to  be  of  no  account,  and  then  kinetic  considerations  are  of  no  importance 
in  determining  the  fitness  of  the  mechanism  ;  but  whenever  it  is  a  question 
of  attaining  the  highest  possible  speed,  such  considerations  assume  the  first 
importance. 

6.  The  kinetics  of  oscillating  pieces, — If  treated  completely  by  integrating 
the  equations  of  motion  this  would  be  a  very  difficult,  if  at  all  a  possible, 
subject ;  only  one  case,  that  in  which  the  motion  is  harmonic,  has  received 
much,  if  any,  attention.  And  this  case  may  be  dealt  with  by  the  aid  of 
elementary  mathematics.  By  the  laws  of  work  and  energy,  however,  the 
kinetics  of  oscillation  are  tractable,  and  the  results  so  obtained  are  suflficient 
for  the  present  purpose.  The  following  notation  will  be  used  unless  other- 
wise stated: — v  is  velocity  in  feet  per  second;  W  weight  in  pounds;  E  energy 
in  foot-pounds ;  ^r  =  32,  acceleration  of  gravity.  When  a  heavy  body  is 
subject  to  reciprocating  motion  its  velocity  will  vary  from  some  maximum 
value,  Vo,  to  zero,  so  that  E,  the  energy  of  motion  is  given  by 

«=t; «• 

E  will  be  greatest  when  v'  is  a  maximum,  and  at  its  least  when  v  =  o,  E  —  o; 
80  that  the  body  must  lose  and  gain  Eq  foot-pounds  of  energy  of  motion 
twice  in  each  complete  oscillation.  In  the  case  of  the  pendulum  the  energy 
of  motion  is  transformed  into  energy  of  elevation,  or  when  the  velocity  is 

zero  the  mass  of  the  pendulum  is  ^  feet  higher  than  when  the  velocity  is  v. 

if 

But  in  other  cases,  as  when  a  piston  is  controlled  by  a  crank,  the  energy  of 

motion  is  transferred  to  and  from  the  vibrating  body,  or,  in  other  words,  the 

o.  R.    II.  3 
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body  must  perform  and  receive  work  to  the  extent  of  -^--  on  each  reversal 
of  its  motion. 

7.     It  will  be  well  to  express  this  graphically.     Let  AOB  he  the  path 
of  the  oscillating  body,  and  suppose  it  to  move  from  A  to  JS,  and  to  have 


Fig.  1. 


its  greatest  energy  of  motion  E^  at  0.  Then,  since  it  starts  from  rest 
at  A^  before  reaching  0,  it  must  have  been  subject  to  the  action  of  forces 
which  will  do  E^  foot-pounds  of  work.  These  forces  might,  if  their  mag- 
nitude were  known  at  each  point  P  of  the  path,  be  represented  as  in  the 
diagram  of  the  steam  indicator  by  distances  PM  perpendicular  to  AB.  If 
so  represented,  the  ends  M  of  these  distances  would  lie  on  some  line 
A  MO,  which,  with  AO,  would  form  the  diagram  of  inertia,  or  of  the  force 
to  balance  inertia  from  A  to  0.  The  area  of  this  diagram  would  represent 
the  work  done  on  the  body,  and  would  therefore  represent  E^y  the  energy 
of  motion  at  0.  In  the  same  way,  since  the  body  comes  to  rest  at  JS,  the 
body  must  have  encountered  resistance  or  opposing  force  against  which 
it  does  Eq  foot-pounds  of  work  in  moving  from  0  to  B,  This  is  represented 
by  a  diagram  ONBy  the  area  of  which  represents  Eq  foot-pounds  of  work, 
and  is  therefore  equal  to  the  area  OMA,  Since  the  resistance  from  0  to 
B  is  in  the  opposite  direction  to  the  force  from  A  to  0,  N  will  be  on  the 
opposite  side  of  AB  to  M.  When  the  motion  takes  place  from  -4  to  J5 
the  area  A  MO  represents  work  done  on  the  moving  body  to  cause  energy 
of  motion,  and  the  area  ONB  represents  work  done  by  the  moving  body 
to  get  rid  of  its  energy  of  motion.  Therefore,  ONB  would  be  negative 
work  done  on  the  body.  When  the  motion  is  from  B  to  A  the  area  BNO 
represents  work  done  on  the  body,  and  OMA  is  negative.  Taking  Vq  for  the 
velocity  at  0  and  v  for  the  velocity  at  any  other  point  P,  and  supposing  PM 
to  represent  the  force  to  the  scale  p  lbs.  to  a  foot.  Then,  areas  being  in 
square  feet, 


p  X  area^JlfO  =p  x  area  ONB  = 


Wvl 
2sr 


.(2), 
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and  p  X  area  0PM  represents  the  work  from  0  to  P  or  P  to  0.  Then,  by  the 
equation  of  the  conservation  of  energy  we  have 

^  =  pxAMP (3), 

—  ^p.OPM  +  ^ (4). 

In  cases  of  reciprocation  it  is  not  easy  to  find  either  the  force  p.PMy  or  the 
velocity  v  at  every  point  of  the  path,  but  one  or  other  of  these  is  always 
a  direct  circumstance  of  the  motion.  Thus,  if  the  body  move  under  the 
action  of  a  spring,  the  stiffness  of  the  spring  determines  the  force  p .  PM, 
which  is  thus  independent  of  every  other  condition.  Or  if  the  body  be  moved 
by  a  crank  and  connecting  rod,  as  in  the  steam-engine,  the  velocity  at  each 
point  is  a  kinematical  consequence  of  the  velocity  of  the  crank.  In  every 
case,  therefore,  either  p .  PM  or  v  is  a  direct  consequence  of  the  circumstance 
of  motion.  Now,  whichever  of  these  may  be  the  direct  consequence,  the 
other  is  a  consequence  of  the  equation  of  energy,  or  if  we  know  the  one  as 
a  direct  consequence,  we  can  find  the  other  by  the  equation  of  energy. 

8.  Oscillation  controlled  by  a  crank, — In  this  case  AB  will  be  the 
diameter  of  the  crank  circle.  Describe  a  circle  with  AB  as  diameter;  then, 
neglecting  the  effect  of  the  obliquity  of  the  connecting  rod,  the  position  R  of 


Fig.  2. 


the  crank  on  its  circle,  corresponding  to  the  position  P  of  the  piston,  is  given 
by  producing  PN  to  meet  the  circle  in  R  Let  RT  be  the  tangent  to  the 
circle  at  22,  then  if  u  is  the  velocity  of  the  crank  pin  at  -B,  the  velocity  of 
Pis 

TP         PR 


""'TR^'^'OR    ^"^' 

3—2 
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whatever  may  be  the  position  of  P,  If  u  is  constant  all  round,  when  P  is 
at  0  we  have  from  (5) 

Vo  =  u (6), 

and  for  every  other  point 

^--m  <^)- 

Substituting  the  equation  of  energy  (4) 

Z..=,.oP^.|Q'.»., 

=  2^«0^ ^^>' 

**^«  ^^=^-u^ (^>' 

then  IK^9^=.0PM  (10). 

Join  ON  and  produce  it  to  ineet  perpendiculars  through  A  and  5  in  C 
and  D.  Then  N  must  lie  on  the  line  CD  for  all  positions  of  P,  since  by  (9) 
PN  is  proportional  to  OP.  Therefore  by  (10)  the  area  0PM  is  equal  to  the 
area  of  the  triangle  OPN.  Therefore  M  coincides  with  N  on  CD,  and 
the  force  p .  PN  is  completely  expressed.     Put  OR  =  a,  then  by  (9) 

i^^Kt  ...  .(11) 


PN 

or  writing  e  for  -jyp  > 


PN  =  e.OP (12). 

So  that  TT,  Uy  a,  being  known,  we  have  e  and  PN  for  each  value  of  OP. 

9.     Oscillation  controlled  by  a  spring, — The  spring  gives  the  force  p .  PM; 
take  the  usual  case  in  which  this  force  p .  PM  is  proportioned  to  OP ;  let 

p.PM^peOP (13). 

Then  as  before  M  is  on  the  line  CD.  And  it  is  obvious  that,  the  diagram  of 
forces  being  the  same  as  before,  the  relation  between  the  force  and  velocity 
will  be  the  same;  but  as,  in  the  case  already  considered,  the  force  is  controlled 
by  the  motion,  and  in  this  case  the  motion  is  controlled  by  the  force,  it 
is  well  to  make  the  two  proofs  independent. 
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Let  12  be  a  point  moving  on  the  circle  so  as  always  to  be  opposite  to  P, 
then,  as  before,  we  have 

«?|=^ (I*)- 

And  from  the  equation  of  energy  (4) 

W(  ,       ,/PiJ\n  (OP,PN^  OP^ 

When  P  is  at  il, 


2 


W   ,         OR 

™      ,               W  ,P/?             fOIf-OP^  PR' 

Therefore.  -u^^^  =  e.p.{^ ^ j^'-P'-T' 

M'  =  :^^  «'  =  «,' (16). 

Equation  (16)  shows  that  u  is  constant  all  round  the  circle,  so  that  in  the 
case  of  a  spring  controlled  weight  the  motion  is  such  that  P  is  always 
opposite  a  point  R  revolving  uniformly  with  a  velocity  Vq.  Thus  the  motion 
of  P  is  completely  defined. 

The  two  cases  which  have  been  completely  considered  are  cases  of 
harmonic  motion  which  may  and  have  been  dealt  with  by  other  methods. 
The  method  just  given,  as  a  matter  of  course,  leads  in  these  cases  to  the 
same  results  as  other  methods,  but  it  has  the  advantage  of  being  applicable 
to  obtain  certain  results  when  neither  the  law  of  motion  nor  the  law  of  force 
is  completely  defined,  and,  what  is  its  chief  advantage  as  regards  the  theory 
of  machines,  is  that  the  kinetic  forces  are  represented  by  a  diagram,  which 
may  be  at  once  combined  with  the  diagram  such  as  that  of  steam  pressure, 
representing  the  forces  acting  on  the  oscillating  pieces;  and  hence  a  complete 
diagram  of  transmitted  forces  obtained.  The  advantages  of  this  will  appear 
in  the  sequel ;  but  first  there  are  some  other  general  points  to  be  dealt  with. 

10.  Vibration  and  reciprocation, — The  two  classes  of  oscillating  motion 
typified*  by  the  two  cases  considered — namely,  that  controlled  by  the  crank 
and  that  controlled  by  the  spring,  are,  as  regards  the  circumstances  on  which 
they  depend,  essentially  different;  and  although  custom  is  not  uniform  in  the 
matter,  it  is  well  to  distinguish  them  by  different  names.  The  class  repre- 
sented by  the  crank  may  be  well  called  a  motion  of  reciprocation,  as  the 
body  is  constrained  to  move  backwards  and  forwards  exactly  along  the  same 
path  and  through  the  same  distance,  whatever  may  be  the  speed.  Whereas 
in  the  case  of  a  vibrating  body,  although  it  moves  backwards  and  forwards 
along  the  same  path,  the  distance  depends  on  the  speed.     In  the  former 
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case,  that  of  reciprocation,  the  only  effect  of  increasing  the  speed  of  motion 
is  to  increase  the  rate  of  oscillation,  whereas  the  effect  of  increasing  the 
speed  of  motion  in  the  case  of  vibration  is  primarily  to  increase  the  length 
of  the  path,  the  effect  on  the  rate  of  oscillation  depending  on  the  law 
of  stiffness  of  the  spring,  which  in  the  case  of  a  normal  spring  is  such  that 
the  rate  of  oscillation  is  constant. 

If  a  weight  of  1  lb.  be  held  by  a  spring  which  requires  1*2  lb.  to  deflect  it 
1  ft.,  it  would  vibrate  in  a  period  of  one  second,  and  through  a  distance 
depending  on  the  initial  disturbance.  A  weight  of  1  lb.  controlled  by  a 
uniformly  revolving  crank  would  vibrate  in  the  period  of  revolution  of  the 
crank  and  through  a  distance  of  twice  the  length  of  the  crank.  If  the  crank 
revolve  in  a  period  of  one  second,  and  the  spring  be  disturbed  to  move 
through  twice  the  length  of  the  crank,  the  two  motions  become  identical,  and 
the  energy  of  motion  is  the  same  in  both  cases. 

The  next  question  is,  what  becomes  of  this  energy  of  motion  ?  and  this 
will  form  the  subject  of  the  next  article. 


III. 

[From  "The  Engineer,"  February  2,  1883.] 

11.  The  trans^niission  of  energy. — In  the  last  article  the  kinetics  of 
vibrations  were  treated,  so  far  as  the  oscillating  body  was  concerned.  This 
is  only  one  side  of  the  subject.  To  maintain  oscillation  there  must  be  some 
action  on  the  body  from  the  Outside.  Without  refining  too  much,  we  may 
say  that  the  energy  of  motion  must  be  imparted  to  and  taken  from  the 
oscillating  body  twice  every  revolution  by  the  action  of  other  bodies.  What 
becomes  of  the  energy  after  it  leaves  the  vibrating  body,  and  whence  comes 
the  fresh  supply,  depend  on  the  circumstances  which  maintain  the  motion. 
These  may  be  divided  into  two  principal  classes. 

12.  (1)  It  may  be  that  the  whole  or  part  of  the  work  done  by  the  body 
in  stopping  is  done  against  the  resistance  of  friction.  As  much  of  the  energy 
as  is  thus  spent  will  be  transformed  into  heat  and  lost,  and  to  maintain  the 
motion  a  fresh  supply  must  be  drawn  from  some  external  source.  (2)  It 
may  be  that  the  work  done  by  the  body  in  stopping  is  done  upon  some  body 
susceptible  of  energy,  which  stores  the  energy  as  it  receives  it,  and  then, 
when  the  motion  of  the  body  is  reversed,  returns  the  greater  part  of  it  to 
the  reciprocating  body  again,  thus  diminishing  the  draught  to  be  made  upon 
the  fresh  supply.  The  return  can  never  be  complete,  as  there  will  always 
be  some  frictional  resistance  to  motion.     Probably  the  most  complete  return 
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is  made  in  the  case  of  the  balance-wheel  of  the  watch,  which  does  its  work 
in  stopping  against  the  hair-spring  and  receives  this  energy  again  so  nearly 
in  full  that  the  fresh  supply  added  by  the  escapement  bears  a  very  small 
pn>portion  to  the  whole.  When  the  oscillation  is  controlled  by  a  crank,  the 
work  of  giving  the  energy  of  motion  is  done  by  the  crank,  and  the  crank 
again  receives  the  work  done  by  the  body  in  stopping.  If  the  crank  is 
connected  with  a  fly-wheel  this  wheel  will  absorb  and  give  out  energy  by 
a  variation  of  its  velocity,  and  thus  the  energy  of  motion  is  transferred 
backward  and  forward  between  the  fly-wheel  and  the  oscillating  body,  just  as 
in  the  former  case  it  was  transferred  between  the  oscillating  body  and  the 
spring.  In  both  cases  there  are  certain  losses  inherent  on  the  transmission,  and 
these  losses  constitute  the  disadvantage,  as  regards  friction,  of  oscillation 
compared  with  rotation.  They  will  be  different  in  different  cases.  Before, 
however,  proceeding  to  consider  these,  it  will  be  well  to  consider  shortly  the 
various  means  of  storing  and  re-storing  energy. 

13.  Reservoirs  of  energy, — The  storing  and  re-storing  of  energy  is 
generally  accomplished  by  the  variation  in  the  motion  of  some  body,  as  of 
the  fly-wheel,  by  the  elastic  deformation  of  some  body,  such  as  a  spring,  or 
by  the  pressure  of  a  gas ;  but  it  may  be  accomplished  by  the  raising  of  a 
weight  or  by  magnetic  or  electric  actions.  Whichever  of  these  means  is 
used,  there  is  a  material  reservoir  which  must  have  sufficient  capacity  under 
the  particular  circumstance  to  contain  the  energy  of  motion.  The  capacities 
of  such  reservoirs  will  depend  on  various  circumstances ;  but  one  factor  will, 
in  all  cases,  be  the  amount  of  material :  (1)  If  the  reservoir  is  the  motion  of 
matter,  then  its  capacity  will  depend  on  the  circumstances  of  motion ;  but 
if  u^  and  u^  are  the  velocities  of  the  reservoir  when  charged  and  discharged, 
the  capacity  is 

2/7         • 
(2)  If  the  reservoir  be  a  spring,  then  the  capacity  will  depend  on  the  state 
of  stress  and  elasticity  of  the  material ;  but  if  /  be  the  stress  in  pounds  on 
the  square  inch,  and  E  is  the  modulus  of  elasticity,  the  capacity  is 

^6 m 

V  being  the  volume  of  the  material  of  the  spring  in  cubic  inches,  /  the 
stress  in  pounds  per  square  inch,  /'  the  mean  value  of/*  throughout  the 
spring,  E  the  modulus  of  elasticity.  Where  the  amount  of  energy  to  be 
stored  is  large,  the  weight  and  size  of  the  reservoir  are  often  matters  of  the 
first  importance.  These  depend  solely  on  the  weight  and  velocity  of  the 
oscillating  pieces,  and  these  being  known,  the  weight  of  the  reservoir,  if  it 
is  a  fly-wheel  or  a  spring,  can  easily  be  found. 
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14.     The  case  of  springs  is  the  only  one  that  need  be  considered  in  this 

respect.     In  this  it  will  appear   that   the   storage   power  of  steel,  or   any 

material,  is  so  small  that  the  size  of  the  reservoir  becomes  prohibitory  for 

any  but  very  small  mechanisms.     In  a  well  formed  spring  /*  will  be  ^  or  | 

of  the  square  of  the  greatest  stress  caused  in  the  spring,  according  as  the 

spring  is  spiral  or  beam.     Taking  the  case  of  the  beam  and  assuming  the 

greatest  stress  20,000  lb.  and  e  =  40,000,000,  then  the  energy  must  be  less 

V 
than  ^  where  V  is  the  volume  of  steel  in  cubic  inches.     Now,  if  we  have 

a  vibrating  body  making  n  oscillations  per  minute,  the  energy  of  motion 
by  the  previous  article  is 

W 


J?o=(gy|-a'  =  -0OOl7iraV (18), 


approximately.     If,  then,  we  take  such  an  oscillating  body  as  the  piston  of  a 
locomotive,  let  IT  =  300,  a  =  1,  and  w  =  100. 

The  energy  is  510  foot-pounds,  and  the  volume  of  steel  required  to  store 
this  would  be  3672  cubic  inches,  nearly  1000  lb.,  or  about  \  ton  of  steel 
would  be  required  for  a  spring  sufficient  to  store  and  re-store  the  energy  of 
motion  of  each  piston  and  rods  of  a  small  locomotive  when  at  full  speed. 
This  sufficiently  shows  why  oscillating  pieces  on  a  large  scale  cannot  be 
controlled  by  springs. 

15.  If  air  or  steam  be  used  instead  of  steel,  then  the  weight  required 
is  small,  and  need  not  be  considered,  although  the  size  of  cylinder  for  its 
storage  is  important.  In  most  steam-engines  steam  is  more  or  less  used 
for  this  purpose ;  but  this  will  be  closely  considered  later  on. 

There  is,  however,  a  physical  point  with  regard  to  the  use  of  elastic 
reservoirs,  which  is  important. 

1 6.  Changes  of  temperature  in  reservoirs  of  energy. — All  bodies  which 
expand  by  heat  have  their  temperature  increased  by  compression  and 
diminished  by  expansion. 

With  such  rigid  bodies  as  steel,  this  change  of  temperature  is  small  for 
possible  distortions,  but  in  the  case  of  gases  and  steam  it  is  very  large.  If 
air  be  compressed  to  half  its  volume  instantaneously,  its  temperature  rises 
to  172°  Fah. 

This  change  of  temperature  plays  an  important  part  in  the  loss  of  energy 
in  transmission  which  we  now  come  to  consider. 

17.  Losses  of  energy  in  transmission  in  the  case  of  a  steel  spring, — The 
loss   of  energy  in   transmission    to   and  from   the   vibrating  body  will  be 
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very  small,  for  the  spring  may  be  united  with  the  vibrating  body  and  the 
supports,  so  that  there  is  no  motion  or  friction  at  the  joints,  and  thus  the 
whole  loss  is  in  the  spring.  Even  steel  may  not  be  perfectly  elastic;  but 
the  chief  loss,  which  is  also  very  small,  is  due  to  the  change  of  temperature. 
The  spring  is  heated  during  compression,  and  cooled  during  extension,  and 
then,  before  the  restitution  takes  place,  conduction  and  radiation  bring  the 
temperature  to  equilibrium  again,  so  that  the  force  of  restitution  is  less 
than  that  of  distortion ;  but  this  loss  is  small,  as  is  shown  by  the  time  a 
spring  will  continue  to  vibrate. 

18.  The  loss  in  transmitting  energy  to  steam  or  gas  confined  in  a  cylinder, 
— In  this  case  the  loss  from  variation  of  temperature  is  considerable,  but 
not  easy  to  estimate,  and  besides  this  there  is  the  friction  and  leakage  of  the 
piston.  When  the  compression  is  carried  to  several  atmospheres,  as  in  the 
steam-engine,  these  losses  cannot  be  less  than  from  15  to  25  per  cent,  during 
each  transmission.  If  this  were  not  so  a  piston  in  a  closed  cylinder  of  air 
would  oscillate  when  disturbed,  but  as  a  fact  it  does  little  more  than  spring 
back  to  its  initial  position.  Such  a  loss  as  this  is  fatal  to  the  use  of  steam 
or  air  as  a  means  of  maintaining  oscillation,  except  in  cases,  as  in  the  steam- 
engine,  where  the  use  of  steam  is  rendered  desirable  for  other  reasons. 
Before  going  into  these,  however,  there  remains  to  be  considered  the  friction 
in  the  important  case  of  the  crank. 

19.  The  loss  of  energy  in  transmission  in  the  case  of  the  crank-controlled 
oscillation. — This  is  the  principal  means  by  which  oscillating  pieces  are 
controlled  in  machinery,  and  it  is  this  kind  of  reciprocation  that  competes 
with  revolution.  Both  motions,  reciprocation  and  oscillation,  entail  certain 
loss  of  energy  by  friction,  and  it  is  important  to  distinguish  between  those 
losses  that  are  common  to  both  and  those  which  are  peculiar  to  reciprocation. 
Now  the  losses  which  are  common  arise  mainly  from  the  action  of  gravity, 
and  the  forces  of  the  operation  performed — as,  in  the  case  of  revolution,  the 
tension  of  the  belt  or  the  pressure  of  the  teeth — to  cause  friction.  The 
losses  peculiar  to  reciprocation  are  those  which  arise  from  the  friction  caused 
by  the  forces  due  to  the  inertia  of  the  reciprocating  piece.  The  simplest 
case  will  alone  be  here  considered,  and  the  forces  which  arise  from  gravity 
will  be  left  out  of  account  as  common  to  both  reciprocation  and  rotation. 
As  a  simple  case  we  may  suppose  a  crank  and  fly-wheel  on  a  shaft,  the 
radius  of  which  is  r^,  r,  being  the  radius  of  the  crank  pin,  and  a  the  length 
of  the  crank,  a  foot  being  the  unit.  The  reciprocating  piece  is  supposed  to 
be  connected  to  the  crank  by  a  long  light  connecting  rod,  so  that  the  whole 
weight  w  lies  in  the  reciprocating  piece,  and  the  pressure  on  the  guides  is 
so  small  that  it  may  be  neglected. 

The  forces  which  arise  from  the  inertia  of  the  reciprocating  piece  will  be 
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transmitted  through  the  crank  pin  to  the  bearings.  These  forces  will  give 
rise  to  friction  on  the  crank  pin  and  the  bearings.  The  forces  will  be 
diflFerent  at  different  parts  of  the  revolution.  Let  C  be  the  mean  over  the 
whole  revolution  and  f  the  coefficient  of  friction  at  the  bearings,  then  the 
work  (X)  spent  in  overcoming  this  friction  during  one  revolution  is  given  by 
the  well-known  formula 

L  =  2irrfC (19). 

Or,  taking  into  account  that  this  force  acts  both  on  the  crank  pin  and 
bearings, 

i  =  27r/t7(n  +  r,) (20). 

To  find  C  we  have  in  Fig.  2  the  value  of  pPM  for  each  position  of  the 
crank,  and  to  find  the  mean  we  have  only  to  divide  the  crank  circle  into  any 
number  of  equal  parts,  and  find  the  corresponding  positions  of  the  recipro- 
cating piece  as  PiP^...  in  Fig.  3 ;  find  the  corresponding  values  of  PiMiP^M^, 


Fig.  3. 

and  take  the  mean.     This  method  may  be  employed  whatever  may  be  the 
shape  of  the  curve  ACM^Mfi.     In  this  case  it  is  well  known  that 


C^^.p.AC 

^2    vlW 
"tt*  a   g 

4^0 


TT  a 


.(21). 


Where,  as  before,  E^  is  the  energy  of  motion,  C  is   exactly  -   times   the 

TT 

centrifugal  force  of  a  weight  revolving  on  an  arm  a  with  velocity  v^.     The 
loss  per  revolution  then  becomes 


X  =  8/(r,  +  r,)§ 


.(22). 


This  formula  gives  the  loss  in  any  actual  case  where  r^  and  r^  are  known. 
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The  values  of  Vi  and  r,  will  be  determined  to  meet  the  forces  which  fall 
on  the  crank  pin  and  crank  shaft.  If  we  assume  that  the  forces  arising  from 
inertia  are  paramount,  then,  since  the  maximum  value  of  these  is 

ag  "    a   ' 
we  shall  have 


,.^} (23). 


where  Bi  and  B^  are  constants,  which,  according  to  the  practice  in  steam- 
engines,  may  be  taken  to  be  001 ;  therefore 

Z  =  -008./.(^)V (24). 

which  gives  the  loss  on  the  supposition  that  the  machine  is   designed   to 
stand  the  reciprocating  forces  only. 

The  importance  of  this  value  of  L  would  be  in  proportion  to  the  work 
done  by  the  machine  per  revolution,  and  it  is  easy  to  see  that  since  L 
increases  as  the  cube  of  the  speed,  it  may  be  very  small  at  speeds  of,  say, 
100  revolutions  per  minute,  and  yet  become  so  large  as  to  be  prohibitory 
at  300  or  400  revolutions  per  minute. 

In  the  steam-engines  as  they  exist,  these  reciprocating  forces  are  not 
large  enough  to  affect  the  size  of  rj,  r^,  which  are  larger  than  they  would  be 
as  in  (23),  and  yet  the  loss  as  given  by  (22)  is  insignificantly  small.  In  a 
reciprocating  dynamo,  in  order  to  obtain  anything  like  the  same  duty  per 
weight  of  material  as  the  present  revolving  dynamo  gives,  the  weights  and 
speeds  of  their  oscillating  pieces  would  have  to  bear  nearly  the  same  relation 
to  the  weights  and  speeds  of  the  engines  which  drive  them  as  do  the 
armatures  of  the  present  djmamos.  This  means  increasing  the  number  of 
revolutions,  as  compared  with  the  engines,  by  a  quantity  of  the  order  10, 
or  increasing  L  in  the  ratio  1000.  The  further  consideration  of  these 
matters  will  be  undertaken  in  the  next  article. 
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IV. 


[From  *'The  Engineer,"  February  16,  1883.] 

20.  Application  to  the  dynamo  and  steam-engine. — In  order  to  arrive  at 
a  just  estimate  of  the  friction  caused  by  the  inertia  of  reciprocation  iu 
practical  cases,  it  is  necessary  to  consider  the  forces  which  arise  from  inertia 
in  conjunction  with  the  working  force — the  force  required  to  accelerate  the 
piston  in  conjunction  with  the  pressure  of  steam. 

21.  The  resultant  of  inertia  and  the  working  forces  on  a  reciprocating 
piece, — When,  as  is  generally  the  case,  the  reciprocating  piece  is  subject  to 
forces  besides  those  which  act  between  it  and  the  crank,  the  pressure  on  the 
crank  will  be  the  resultant  of  this  force  and  the  force  necessary  to  balance 
the  inertia. 

The  working  force  may  be  represented,  as  in  the  case  of  the  steam-engine, 
by  a  diagram.  Let  p,PM'  be  the  working  force  at  the  point  P,  Consider 
the  motion  from  A  to  B,  and  let  M'  be  on  the  upper  side  of  AB  when  the 
force  is  in  the  direction  of  AB,  and  on  the  lower  side  when  the  force  is  in 


Fig.  4. 

the  direction  BA.  That  is,  PM'  is  drawn  on  the  same  side  as  PM  represent- 
ing the  forces  to  overcome  the  inertia.  The  pressure  on  the  crank  will 
therefore  be 

p{PM'-PM)=p.M'M (25); 

make  PM'*  =  MM\  noticing  that  M*'  will  be  above  AB  when  M  is  above  M\ 
and  vice  versd.     In  this  way  a  line  AC"M"D"B  may  be  drawn,  the  distance 
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of  which  from  AB  shows  the  pressure  on  the  crank ;  and  then  the  mean 
pressure  may  be  found  as  before,  substituting  PM'^  for  PM,  As  far  as  the 
friction  is  concerned  this  will  be  independent  of  the  direction  of  the  pressure 
on  the  crank,  so  that  in  finding  the  mean  PM'*  must  be  taken  always  of  the 
same  sign. 

There  are  two  cases  of  special  interest.  First  let  AC  he  greater  than 
AC,  then  the  forces  acting  from  A  to  B  will  be  altogether  in  the  direction 
AB.     Take  two  points  P  and  Q  (Fig.  5)  on  the  opposite  sides  of  0,  and  at 


Fig.  5. 

equal  distances  from  it.     Then  if  the  two  triangles   OAG  and  BAC  are 
similar,  and  therefore  C'M'B  parallel  to  CD, 


PM'-\-QN'  =  MM'-^NN 


..(26). 


Therefore  the  mean  of  the  pressure  at  these  two  points  on  the  crank  will  be 
unaltered  by  the  inertia,  and  as  at  these  points  the  crank  is  making  equal 
angles  with  AB,  in  opposite  directions,  the  mean  pressure  on  the  crank  will 
be  identically  the  same  as  would  arise  from  the  working  forces,  or,  in  other 
words,  the  inertia  of  the  reciprocating  piece  will  cause  no  extra  friction ;  and 
this,  as  will  be  shown,  is  practically  the  case  in  the  steam-engine.  Second, 
let  the  inertia  be  paramount,  i.e.,  AG  greater  than  AC\  and  let  the  acting 
forces  be  symmetriical  about  0,  as  shown  by  the  curve  AJM'N'B  in  Fig.  6. 

Let  the  curve  CO  cut  the  curve  AM'B  in  J\  draw  .//  perpendicular  to 
AB  and  take  OK  =01.     Then  as  before  if  P  lies  between  /  and  K 

PM'+QN'  =  MM'  +  NN' (27). 
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So  that  between  /  and  K  the  mean  pressures  on  the  crank  will  be  the  same 
as  if  caused  by  the  working  forces  PM'  only. 


Fig.  6. 

When  P  lies  between  A  and  /,  then 

PM-^-QN^MM'^-NN' (28), 

or  the  mean  pressure  will  be  the  same  as  if  only  the  forces  of  inertia  acted ; 
and  this,  as  will  be  shown,  is  the  case  of  the  dynamo  machine. 

22.  Application  to  the  dynamo  machine, — Since  there  has  been  no 
experience  with  oscillating  dynamo  machines,  the  formula  obtained  in  the 
last  article  can  only  be  applied  to  an  assumed  case.  The  revolving  dynamo 
machine  may  be  made  to  furnish  the  data  for  an  oscillating  dynamo  machine ; 
a,  the  length  of  the  crank,  may  be  taken  equal  to  the  mean  radius  of  the 
armature,  W  equal  the  weight  of  the  armature,  and  the  time  of  an  oscillation 
the  same  as  the  time  of  a  revolution. 

Taking  a  particular  dynamo  driven  by  6-horse  power,  it  appears  that 

Tr=200  1b.^ 
a  =3 
n  =  1000 
/=05 

So  that  Vo  =  30  approximately ; 


(29). 


i:=008/(^)v    (30). 


This  gives  for  L  1000  foot-pounds,  in  round  numbers.  This  is  the  loss  per 
revolution.  Per  minute  the  loss  would  be  about  1,000,000  foot-pounds,  or 
30-horse  power.     So  that  the  loss  due  to  the  friction  arising  from  the  inertia 
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of  the  reciprocating  armature  would  be  five  times  greater  than  the  work 
done  in  creating  a  current.  Put  this  way,  even  supposing  the  assumed  data 
admit  of  considerable  modification,  it  is  clear  that  the  friction  arising  from 
reciprocation  is  prohibitory  in  the  case  of  a  dynamo  machine.  But  before 
adopting  this  view,  it  is  well  to  see  how  far  this  loss  might  be  modified  by 
the  work  which  the  dynamo  machine  was  doing.  6 -horse  power,  with  a  stroke 
of  '6  and  1000  revolutions  per  minute,  would  be  equivalent  to  a  uniform 

resistance  on  the  vibrating  body  of  165  lb.     The  force =  20,000. 

So  that  if  in  the  diagram  il(7=l",  and  p,AC  represent  20,0001b., 
p  =  20,000;  and  if  j^^C'^  160  lb.,  AC  =008".  This  is  too  small  to  be 
drawn  to  scale;  but  if  drawn,  the  line  JI  in  Fig.  6  would  be  '008  AC  and 
01  would  be  008  AO.  Therefore  the  amount  of  work  represented  by  the 
diagram  ILLK  would  be  008  x  160,  or  13  foot-pounds,  and  this  may  be 
neglected.  And  for  the  rest  of  the  diagram,  as  shown  in  Section  21,  the 
mean  pressure  on  the  crank  pin  will  be  the  same  as  if  the  forces  of  inertia 
were  alone  to  be  considered.  In  this  case,  therefore,  where  the  forces  of 
inertia  are  paramount,  the  friction  is  determined  almost  entirely  by  the 
forces  of  inertia,  the  working  forces  neither  adding  to  nor  subtracting  from  the 
friction. 

It  thus  appears  that  there  is  no  chance  for  the  reciprocating  dynamo 
machine,  driven  by  a  crank,  and  it  will  appear  equally  clear  that  there  is  no 
chance  for  a  reciprocating  dynamo  machine  driven  direct  from  the  piston  of 
a  steam-engine,  for  in  this  case  the  energy  of  motion,  which,  as  in  the  last 
example,  is  3000  foot-pounds,  would  have  to  be  stored  by  cushioning  steam, 
that  is  to  say,  3000  foot-pounds  would  have  to  be  transmitted  to  and  from 
the  steam  twice  each  revolution ;  the  entire  transmission  therefore  would  be 
12,000  foot-pounds.  Now,  taking  the  smallest  estimate  of  loss  in  this 
transmission,  namely,  15  per  cent.,  we  have  a  loss  of  1800  foot-pounds  per 
revolution,  nearly  double  as  great  as  with  the  crank 

If  we  substitute  a  steel  spring  for  the  cushioning,  then  the  weight  of 
steel,  which,  estimated  as  before,  would  be  6  tons,  is  prohibitory. 

Thus  in  every  case  we  have  amply  sufficient  reasons  for  the  non -applica- 
bility of  reciprocation  to  the  dynamo  machine. 

These  results  are  sufficiently  striking  in  themselves,  but  they  become  still 
more  so  when  compared  with  the  corresponding  results  for  the  steam-engine. 

23.  Application  to  the  steam-engine, — For  the  sake  of  comparison  the 
circumstances  of  the  engine  may  be  taken  similar  to  those  of  the  dynamo 
machine  just  considered.     Thus,  the  weight  of  piston  and  reciprocating  parts 
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is  taken  at  200  lb.,  and  the  length  of  crank,  '3.  This  would  only  give  a  7  in. 
stroke,  which  is  somewhat  out  of  proportion,  considering  that  200  lb.  would 
correspond  with  a  piston  some  15  in.  in  diameter,  that  is,  considering  the 
shortness  of  the  stroke.  This  will  be  a  convenient  size  to  assume  for  the 
piston,  taking  the  initial  pressure  of  steam  120  lb.  on  the  square  inch ;  since 
this  over  a  15  in.  piston  is  21,1201b.,  which  is  just  about  the  same  as  the 


CkQL 


Fig.  7. 


force  of  inertia,  and  in  the  diagram  AG  =  AC\  or  G  and  C  coincide,  i,e. — if, 
for  the  sake  of  comparison,  the  number  of  revolutions  is  taken  the  same  as 
before  n  =  1000. 

Since  W,  n,  and  a  are  the  same  as  before,  the  crank  pin  will  be  subject 
to  the  same  pressures,  on  account  of  inertia ;  and  since  we  may  assume,  from 
expansion,  the  pressure  of  steam  to  fall  towards  B,  the  greatest  pressures  on 
the  Crank  pin  will  not  exceed  the  greatest  forces  of  inertia;  therefore  rjra 
may  be  taken  to  have  the  same  value  as  before.  And  considering  only  the 
force  of  inertia,  we  should  find  as  before — 

L  =  1000  foot-pounds, 
nL  =  1,000,000, 

or  the  loss  would  be  at  the  rate  of  30-horse  power.  But  eveo  supposing  this 
loss  to  take  place,  it  bears  a  very  different  comparison  to  the  work  done  by 
the  steam-engine  from  what  it  did  to  the  dynamo  machine.  With  an  initial 
pressure  of  120,  the  steam  being  used  as  in  the  locomotive,  the  mean 
pressure  would  be,  say,  701b.;  this  would  give  the  work  per  stroke  15,000 
foot-pounds,  80  that  the  loss  would  only  be  one-fifteenth,  or  between  6  and  7 
per  cent.,  instead  of  500  per  cent,  in  the  case  of  the  dynamo  machine. 
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As  a  matter  of  fact,  however,  there  would  be  no  such  loss  in  the  engine 
when  doing  its  full  work.  This  appears  on  compounding  the  diagrams  of 
inertia  and  working  pressure  as  in  Fig.  5,  Art.  21,  for  since  AC  is  not  greater 
than  AC, 

PM'  +  QN'^MM'^-M'N ...(31), 

throughout  the  diagram,  or  the  mean  pressure  on  the  crank  taken  all  round 
is  not  affected  by  the  inertia  of  the  piston ;  and  hence  whatever  loss  the 
friction  arising  from  the  pressure  may  cause,  it  will  be  due  entirely  to  the 
acting  pressure  of  steam,  and  so  long  as  this  remains  unaltered,  the  loss  per 
revolution  will  be  the  same  at  all  speeds  up  to  1000  revolutions.  Considering 
that  the  speed  of  piston  here  taken  1800  ft.  per  minute,  and  the  number  of 
revolutions,  1000,  are  well  outside  all  practical  values,  this  example  shows 
that  in  whatever  other  ways  the  forces  arising  from  the  inertia  of  reciprocation 
act  to  limit  the  speed  of  the  steam-engine,  they  need  not  affect  the  friction  of 
the  engine,  either  directly  or  indirectly  by  requiring  larger  bearings,  even 
should  the  speed  of  the  steam-engines  reach  values  five  or  six  times  greater 
than  the  present  values.  Thus,  although,  as  we  have  seen  in  the  case  of 
the  dynamo  machine,  there  are  circumstances  in  which  the  friction  arising 
from  the  inertia  of  the  reciprocating  force  is  so  large  compared  with  the 
acting  forces  as  to  be  prohibitory  to  oscillating  motion,  yet  in  the  case  of  the 
steam-engine  these  forces  give  rise  to  no  loss  whatever,  and  do  not  place  the 
reciprocating  engine  at  a  disadvantage  as  compared  with  the  rotary  engine. 

It  seems,  then,  that  we  have  a  good  reason  for  the  general  impression  in 
favour  of  rotary  motion  as  compared  with  reciprocating  motion,  and  also  a 
good  reason  why  the  impression  is  erroneous  as  applied  to  the  steam-engine. 

Before  closing  these  articles,  it  may  be  well  to  refer  shortly  to  cushioning, 
or  compression,  as  used  in  reference  to  the  steam-engine. 

24.     Cushioning, — The  useful  purposes  attributed  to  this  are  these : — 

(1)  Cushioning  is  supposed  to  save  steam  by  filling  the  passages  to 
the  ports  and  other  necessary  clearance,  so  that  this  has  not  to  be  filled  with 
fresh  steam  which  does  no  work  in  filling  them. 

(2)  Cushioning  is  often  supposed  by  relieving  the  crank  from  the  duty 
of  stopping  the  piston,  and  so  by  diminishing  the  pressure  on  the  crank  pin 
and  bearings,  to  diminish  the  friction. 

(3)  Cushioning  is  found  by  experience  to  be  necessary  in  the  case  of  all 
high-speed  engines,  to  prevent  a  sudden  shock  attending  the  admission  of 
steam. 

Now,  the  last  of  these  advantages  is  a  matter  of  experience,  and  is  alone 
sufficient  to  warrant  a  certain  amount  of  cushioning.     If,  when  running  at 
o.  R.  n.  4 
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its  greatest  speed,  an  engine  knocks  or  bumps  in  its  bearings,  it  is  a  sign 
that  it  is  insufficiently  cushioned.  This  admits  of  theoretical  explanation. 
If  cushioned,  as  the  piston  approaches  the  end  of  its  stroke  A  it  will  be 
stopping  itself  driving  the  crank,  the  force  arising  from  inertia  being  at  its 
greatest.  *  Thus  the  force  will  have  a  tendency  to  close  all  the  joints  between 
the  piston  and  the  bearings  in  the  direction  BA,  opening  them  in  the 
direction  AB,  On  the  admission  of  the  steam,  owing  to  the  small  clearance 
to  be  filled,  the  pressure  suddenly  rises  to  a  greater  value  than  the  force  of 
inertia,  and  the  piston  is,  as  it  were,  shot  back  by  the  pressure  of  the  steam 
and  the  elasticity  of  the  engine  against  the  force  of  its  inertia.  The  joints 
thus  close  towards  B  with  a  bump.  This  bump  could  not  have  occurred  had 
not  the  reversal  of  the  direction  of  the  combined  force  and  inertia  been 
sudden  when  the  joints  were  open  towards  A.  By  cushioning,  the  pressure 
of  the  steam  which  balances  the  inertia  rises  gradually,  so  that  the  joints 
which  are  at  first  open  towards  A  close  gradually. 

As  regards  the  first  two  advantages,  the  first  of  these  must  be  regarded 
as  hypothetical,  or  rather,  as  theoretical,  and  the  second  as  imaginary. 

The  steam  with  which  the  clearance  is  filled  is  not  all  gain.  This  is  well 
known.  The  work  done  in  compression  has  to  be  deducted  from  the  work 
done  by  the  forward  pressure  of  the  steam,  or  the  power  of  the  engine  will 
be  diminished  by  the  power  spent  in  compression,  while  the  entire  friction 
and  the  losses  by  condensation  remain  the  same.  As  these  losses  appear  to 
be  something  like  40  per  cent,  of  the  theoretical  power  of  the  steam  as  used 
in  the  engine,  there  cannot  be  much  margin  for  gain  of  steam.  The 
advantage  may  be  a  little  one  way  or  the  other,  but  it  is  not  worth 
mentioning. 

The  second  assumed  advantage  of  cushioning,  namely,  the  diminution  of 
the  mean  pressure  on  the  engine,  vanishes  when  it  is  perceived  that  it  is  the 
working  pressure  of  the  inertia  that  is  diminished.  This  assumption  amounts 
to  nothing  more  or  less  than  assuming  that  the  moving  energy  of  the  piston 
might  be  more  efficiently  stored  and  restored  by  compressing  steam  than  it 
is  by  the  crank.  It  has,  however,  been  shown  that  the  crank  performs  this 
work  in  the  steam-engine  with  no  loss,  whereas  in  compressing  steam  there 
will  probably  be  a  loss  of  from  15  to  25  per  cent,  of  the  energy  stored. 
This  is  the  loss  which  has  been  shown  to  balance  the  gain  in  steam  in  (1). 
In  respect  of  (2),  therefore,  the  cushioning  is  a  disadvantage.  That  this  has 
not  been  practically  perceived  is  because,  as  long  as  cushioning  is  only 
carried  to  the  extent  of  filling  the  necessary  clearance,  then  the  loss  and  the 
gain,  as  in  (1),  are  nearly  balanced,  as  has  already  been  shown. 

The  conclusion  is,  therefore,  that  cushioning  should  not  be  carried  further 
than  is  sufficient  to  prevent  bumping. 


44. 


AN  EXPERIMENTAL  INVESTIGATION  OF  THE  CIRCUMSTANCES 
WHICH  DETERMINE  WHETHER  THE  MOTION  OF  WATER 
SHALL  BE  DIRECT  OR  SINUOUS,  AND  OF  THE  LAW  OF 
RESISTANCE  IN  PARALLEL  CHANNELS. 

[From  "The  Philosophical  Transactions  of  the  Royal  Society."  1883.] 
(Received  aiid  Read  March  15,   1883.) 

Section  I. 

Introductory. 

1.  Objects  and  results  of  the  investigation, — The  results  of  this  investi- 
gation have  both  a  practical  and  philosophical  aspect. 

In  their  practical  aspect  they  relate  to  the  law  of  resistance  to  the 
motion  of  water  in  pipes,  which  appears  in  a  new  form,  the  law  for  all 
velocities  and  all  diameters  being  represented  by  an  equation  of  two 
terms. 

In  their  philosophical  aspects  these  results  relate  to  the  fundamental 
principles  of  fluid  motion ;  inasmuch  as  they  afford  for  the  case  of  pipes 
a  definite  verification  of  two  principles,  which  are — that  the  general 
character  of  the  motion  of  fluids  in  contact  with  solid  surfaces  depends 
on  the  relation  between  a  physical  constant  of  the  fluid,  and  the  product 
of  the  linear  dimensions  of  the  space  occupied  by  the  fluid,  and  the 
velocity. 

The  results  as  viewed  in  their  philosophical  aspect  were  the  primary 
object  of  the  investigation. 

4->2 
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As  regai-ds  the  practical  aspects  of  the  results  it  is  not  necessary  to 
say  anything  by  way  of  introduction ;  but  in  order  to  render  the  philo- 
sophical scope  and  purpose  of  the  investigation  intelligible  it  is  necessary 
to  describe  shortly  the  line  of  reasoning  which  determined  the  order  of 
investigation. 

2.  The  leading  features  of  the  motion  of  actiial  fluids.  Although  in 
most  ways  the  exact  manner  in  which  water  move«  is  difficult  to  per- 
ceive and  still  more  difficult  to  define,  as  are  also  the  forces  attending 
such  motion,  certain  general  features  both  of  the  forces  and  motions 
stand  prominently  forth,  as  if  to  invite  or  to  defy  theoretical  treatment. 

The  relations  between  the  resistance  encountered  by,  and  the  velocity 
of,  a  solid  body  moving  steadily  through  a  fluid  in  which  it  is  com- 
pletely immersed,  or  of  water  moving  through  a  tube,  present  themselves 
mostly  in  one  or  other  of  two  simple  forms.  The  resistance  is  generally 
proportional  to  the  square  of  the  velocity,  and  when  this  is  not  the  case 
it  takes  a  simpler  form  and  is  proportional  to  the  velocity. 

Again,  the  internal  motion  of  water  assumes  one  or  other  of  two 
broadly  distinguishable  forms — either  the  elements  of  the  fluid  follow  one 
another  along  lines  of  motion  which  lead  in  the  most  direct  manner  to 
their  destination,  or  they  eddy  about  in  sinuous  paths  the  most  indirect 
possible. 

The  transparency  or  the  uniform  opacity  of  most  fluids  renders  it 
impossible  to  sec  the  internal  motion,  so  that,  broadly  distinct  as  are 
the  two  classes  (direct  and  sinuous)  of  motion,  their  existence  would  not 
have  been  perceived  were  it  not  that  the  surface  of  water,  where  other- 
wise undisturbed,  indicates  the  nature  of  the  motion  beneath.  A  clear 
surface  of  moving  water  has  two  appearances,  the  one  like  that  of  plate 
glass,  in  which  objects  are  reflected  without  distortion,  the  other  like 
that  of  sheet  glass,  in  which  the  reflected  objects  appear  crumpled  up 
and  grimacing.  These  two  characters  of  surface  correspond  to  the  two 
characters  of  motion.  This  may  be  shown  by  adding  a  few  streaks  of 
highly  coloured  water  to  the  clear  moving  water.  Then  although  the 
coloured  streaks  may  at  first  be  irregular,  they  will,  if  there  are  no 
eddies,  soon  be  drawn  out  into  even  colour  bands;  whereas  if  there  are 
eddies  they  will  be  curled  and  whirled  about  in  the  manner  so  familiar 
with  smoke. 

3.  Connexion  between  tlie  leading  features  of  fluid  motion.  These 
leading  features  of  fluid  motion  are  well  known  and  are  supposed  to  be 
more  or  less  connected,  but  it  does  not  appear  that  hitherto  any  very 
determined  efforts  have  been  made  to  trace  a  definite  connexion  between 
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them,  or  to  trace  the  characteristics  of  the  circumstances  under  which 
they  are  generally  presented.  Certain  circumstances  have  been  definitely 
associated  with  the  particular  laws  of  force.  Resistance,  as  the  square 
of  the  velocity,  is  associated  with  motion  in  tubes  of  more  than  capillary 
dimensions,  and  with  the  motion  of  bodies  through  the  water  at  more 
than  insensibly  small  velocities,  while  resistance  as  the  velocity  is  associated 
with  capillary  tubes  and  small  velocities. 

The  equations  of  hydrodynamics,  although  they  are  applicable  to 
direct  motion,  i.e.,  without  eddies,  and  show  that  then  the  resistance  is 
as  the  velocity,  have  hitherto  thrown  no  light  on  the  circumstances  on 
which  such  motion  depends.  And  although  of  late  years  these  equations 
have  been  applied  to  the  theory  of  the  eddy,  they  have  not  been  in 
the  least  applied  to  the  motion  of  water  which  is  a  mass  of  eddies, 
i.e.,  in  sinuous  motion,  nor  have  they  yielded  a  clue  to  the  cause  of  re- 
sistance varying  as  the  square  of  the  velocity.  Thus,  while  as  applied 
to  waves  and  the  motion  of  water  in  capillary  tubes  the  theoretical 
results  agree  with  the  experimental,  the  theory  of  hydrodynamics  has  so 
far  failed  to  afford  the  slightest  hint  why  it  should  explain  these  pheno- 
mena, and  signally  fail  to  explain  the  law  of  resistance  encountered  by 
large  bodies  moving  at  sensibly  high  velocities  through  water,  or  that  of 
water  in  sensibly  large  pipes. 

This  accidental  fitness  of  the  theory  to  explain  certain  phenomena 
while  entirely  failing  to  explain  others,  affords  strong  presumption  that 
there  are  some  funddmental  principles  of  fluid  motion  of  which  due 
account  has  not  been  Caken  in  the  theory.  And  several  years  ago  it 
seemed  to  me  that  a  careful  examination  as  to  the  connexion  between 
these  four  leading  features,  together  with  the  circumstances  on  which 
they  severally  depend,  was  the  most  likely  means  of  finding  the  clue  to 
the  principles  overlooked.         '     • 

4.  Space  and  velocity.  The  definite  association  of  resistance  as  the 
square  of  the  velocity  with  sensibly  large  tubes  and  high  velocities,  and 
of  resistance  as  the  velocity  with  capillary  tubes  and  slow  velocities, 
seemed  to  be  evidence  of  the  very  general  and  important  influence  of 
some  properties  of  fluids  not  recognised  in  the  theory  of  hydrodynamics. 

As  there  is  no  such  thing  as  absolute  space  or  absolute  time  recog- 
nised in  mechanical  philosophy,  to  suppose  that  the  character  of  motion 
of  fluids  in  any  way  depended  on  absolute  size  or  absolute  velocity,  would 
be  to  suppose  such  motion  without  the  pale  of  the  laws  of  motion.  If 
then  fluids  in  their  motions  are  subject  to  these  laws,  what  appears  to 
be   the   dependence  of  the  character  of  the  motion  on  the  absolute  size 
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of  the  tube,  and  on  the  absolute  velocity  of  the  immersed  body,  must 
in  reality  be  a  dependence  on  the  size  of  the  tube  as  compared  with 
the  size  of  some  other  object,  and  on  the  velocity  of  the  body  as  com- 
pared with  some  other  velocity.  What  is  the  standard  object,  and  what 
the  standard  velocity  which  come  into  comparison  with  the  size  of  the 
tube  and  the  velocity  of  an  immersed  body,  are  questions  to  which  the 
answers  were  not  obvious.  Answers,  however,  were  found  in  the  discovery 
of  a  circumstance  on  which  sinuous  motion  depends. 

5.  The  effect  of  viscosity  on  the  clianicter  of  fluid  motion.  The  small 
evidence  which  clear  water  shows  as  to  the  existences  of  internal  eddies, 
not  less  than  the  difficulty  of  estimating  the  viscous  nature  of  the  fluid, 
appears  to  have  hitherto  obscured  the  very  important  circumstance  that 
the  more  viscous  a  fluid  is,  the  less  prone  is  it  to  eddying  or  sinuous 
motion.  To  express  this  definitely — if  fi  is  the  viscosity  and  p  the 
density  of  the  fluid — for  water  fi/p  diminishes  rapidly  as  the  temperature 
rises,  thus  at  5°  C.  fi/p  is  double  what  it  is  at  45°  C.  What  I  observed 
was  that  the  tendency  of  water  to  eddy  becomes  much  greater  as  the 
temperature  rises. 

Hence  connecting  the  change  in  the  law  of  resistance  with  the  birth 
and  development  of  eddies,  this  discovery  limited  further  search  for  the 
standard  distance  and  standard  velocity  to  the  physical  properties  of  the 
fluid.  To  follow  the  line  of  this  search  would  be  to  enter  upon  a  molecular 
theory  of  liquids,  and  this  is  beyond  my  present  purpose.  It  is  sufficient 
here  to  notice  the  well-known  fact  that 

^  or  m' 
P 

is  a  quantity  of  the  nature  of  the  product  of  a  distance  and  a  velocity. 

It  is  always  difficult  to  trace  the  dependence  of  one  idea  on  another. 
But  it  may  be  noticed  that  no  idea  of  dimensional  properties,  as  indi- 
cated by  the  dependence  of  the  character  of  motion  on  the  size  of  the 
tube  and  the  velocity  of  the  fluid,  occurred  to  me  until  after  the  com- 
pletion of  my  investigation  on  the  transpiration  of  gases,  in  which  was 
established  the  dependence  of  the  law  of  transpiration  on  the  relation 
between  the  size  of  the  channel  and  the  mean  range  of  the  gaseous 
molecules. 

6.  Evidence  of  dimensional  properties  in  the  eqtiutions  of  motion.  The 
equations  of  motion  had  been  subjected  to  such  close  scrutiny,  particu- 
larly by  Professor  Stokes,  that  there  was  small  chance  of  discovering 
anything   new   or   faulty   in   them.      It   seemed   to   me   possible,  however. 
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that  they  might  contain  evidence  which  had  been  overlooked,  of  the 
dependence  of  the  character  of  motion  on  a  rehition  between  the  dimen- 
sional properties  and  the  external  circumstances  of  motion.  Such  evidence, 
not  only  of  a  connexion  but  of  a  definite  connexion,  was  found,  and  this 
without  integi'ation. 

If  the  motion  be  supposed  to  depend  on  a  single  velocity  para- 
meter U,  say  the  mean  velocity  along  a  tube,  and  on  a  single  linear 
parameter  c,  say  the  radius  of  the  tube ;  then  having  in  the  usual  manner 
eliminated  the  pressure  from  the  equations,  the  accelerations  are  expressed 
in  terms  of  two  distinct  types.     In  one  of  which 

is  a  factor,  and  in  the  other 

is  a  factor.  So  that  the  relative  values  of  these  terms  vary  respectively 
as   U  and 

This  is  a  definite  relation  of  the  exact  kind  for  which  I  was  in 
search.  Of  course  without  integration  the  equations  only  gave  the 
relation  without  showing  at  all  in  what  way  the  motion  might  depend 
upon  it. 

It  seemed,  however,  to  be  certain,  if  the  eddies  were  due  to  one  par- 
ticular cause,  that  integration  would  show  the  birth  of  eddies  to  depend 
on  some  definite  value  of 

cpU 

7.  The  cause  of  eddies.  There  appeared  to  be  two  possible  causes  for 
the  change  of  direct  motion  into  sinuous.  These  are  best  discussed  in 
the  language  of  hydrodynamics,  but  as  the  results  of  this  investigation 
relate  to  both  these  causes,  which,  although  the  distinction  is  subtle,  are 
fundamentally  distinct  and  lead  to  distinct  results,  it  is  necessary  that 
they  should  be  indicated. 

The  general  cause  of  the  change  from  steady  to  eddying  motion  was 
in  1843  pointed  out  by  Professor  Stokes,  as  being  that  under  certain 
circumstances  the  steady  motion  becomes  unstable,  so  that  an  indefinitely 
small  disturbance  may  lead  to  a  change  to  sinuous  motion.    But  the  causes 
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above  referred  to  are  of  this  kind,  and  yet  they  are  distinct,  the  distinction 
lying  in  the  part  taken  in  the  instability  by  viscosity. 

If  we  imagine  a  fluid  free  from  viscosity  and  absolutely  free  to  glide  over 
solid  surfaces,  then  comparing  such  a  fluid  with  a  viscous  fluid  in  exactly 
the  same  motion — 

(1)  The  frictionless  fluid  might  be  instable  and  the  viscous  fluid  stable. 
Under  these  circumstances  the  cause  of  eddies  is  the  instability  as  a  perfect 
fluid,  the  effect  of  viscosity  being  in  the  direction  of  stability. 

(2)  The  frictionless  fluid  might  be  stable  and  the  viscous  fluid  unstable, 
under  which  circumstances  the  cause  of  instability  would  be  the  viscosity. 

It  was  clear  to  me  that  the  conclusions  I  had  drawn  from  the  equations 
of  motion  immediately  related  only  to  the  first  cause;  nor  could  I  then 
perceive  any  possible  way  in  which  instability  could  result  from  viscosity. 
All  the  same  I  felt  a  certain  amount  of  uncertainty  in  assuming  the  first 
cause  of  instability  to  be  general.  This  uncertainty  was  the  result  of  various 
considerations,  but  particularly  from  my  having  observed  that  eddies 
apparently  come  on  in  very  different  ways,  according  to  a  very  definite 
circumstance  of  motion,  which  may  be  illustrated. 

When  in  a  channel  the  water  is  all  moving  in  the  same  direction,  the 
velocity  being  greatest  in  the  middle  and  diminishing  to  zero  at  the  sides,  as 
indicated  by  the  curve  in  Fig.  1,  eddies  showed  themselves  reluctantly  and 


Fig.  1. 


Fig.  2. 

irregularly ;  whereas  when  the  water  on  one  side  of  the  channel  was  moving 
in  the  opposite  direction  to  that  on  the  other,  as  shown  by  the  curve  in 
Fig.  2,  eddies  appeared  in  the  middle  regularly  and  readily. 
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8.  Methods  of  investigation, — There  appeared  to  be  two  ways  of  proceed- 
ing— the  one  theoretical,  the  other  practical. 

The  theoretical  method  involved  the  integration  of  the  equations  for 
unsteady  motion  in  a  way  that  had  not  been  accomplished  and  which, 
considering  the  general  intractability  of  the  equations,  was  not  promising. 

The  practical  method  was  to  test  the  relation  between  U,  fi/p,  and  c ;  this, 
owing  to  the  simple  and  definite  form  of  the  law,  seemed  to  offer,  at  all 
events  in  the  first  place,  a  far  more  promising  field  of  research. 

The  law  of  motion  in  a  straight  smooth  tube  offered  the  simplest  possible 
circumstances  and  the  most  crucial  test. 

The  existing  experimental  knowtedge  of  the  resistance  of  water  in  tul)es, 
although  very  extensive,  was  in  one  important  respect  incomplete.  The 
previous  experiments  might  be  divided  into  two  clashes:  (1)  those  made 
under  circumstances  in  which  the  law  of  resistance  was  as  the  square  of  the 
velocity,  and  (2)  those  made  under  circumstances  in  which  the  resistance 
varied  as  the  velocity.  There  had  not  apparently  been  any  attempt  made 
to  determine  the  exact  circumstances  under  which  the  change  of  law  took 
place. 

Again,  although  it  had  been  definitely  pointed  out  that  eddies  would 
explain  resistance  as  the  square  of  the  velocity,  it  did  not  appear  that  any 
definite  experimental  evidence  of  the  existence  of  eddies  in  jmrallel  tubes  had 
been  obtained,  and  much  less  was  there  any  evidence  as  to  whether  the  birth 
of  eddies  was  simultaneous  with  the  change  in  the  law  of  resistance. 

These  open  points  may  be  best  expressed  in  the  form  of  queries  to  which 
the  answers  anticipated  were  in  the  affinnative. 

(1)  What  was  the  exact  relation  between  the  diameters  of  the  pipes  and 
the  velocities  of  the  water  at  which  the  law  of  resistance  changed  ? 

Was  it  at  a  certain  value  of 

cUl 

(2)  Did  this  change  depend  on  the  temperature,  i.e.,  the  viscosity 
of  water  ?     Was  it  at  a  certain  value  of 

(3)  Were  there  eddies  in  parallel  tubes  ? 

(4)  Did  steady  motion  hold  up  to  a  critical  value  and  then  eddies  come 
in? 
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(5)  Did  the  eddies  come  in  at  a  certain  value  of 

(6)  Did  the  eddies  first  make  their  appearance  as  small  and  then 
increase  gradually  with  the  velocity,  or  did  they  come  in  suddenly  ? 

The  bearing  of  the  last  query  may  not  be  obvious  ;  but,  as  will  appear  in 
the  sequel,  its  importance  was  such  that,  in  spite  of  satisfactory  answers  to 
all  the  other  queries,  a  negative  answer  to  this,  in  respect  of  one  particular 
class  of  motions,  led  me  to  the  reconsideration  of  the  supposed  cause  of 
instability. 

The  queries,  as  they  are  put,  suggest  two  methods  of  experimenting : — 

(1)  Measuring  the  resistances  and  velocities  of  different  diameters,  and 
with  different  temperatures  of  water. 

(2)  Visual  observation  as  to  the  appearance  of  eddies  during  the  flow  of 
water  along  tubes  or  open  channels. 

Both  these  methods  have  been  adopted,  but,  as  the  questions  relating  to 
eddies  had  been  the  least  studied,  the  second  method  was  the  first  adopted. 

^9.  ExpeHments  by  visual  observation. — The  most  important  of  these 
experiments  related  to  water  moving  in  one  direction  along  glass  tubes. 
Besides  this,  however,  experiments  on  fluids  flowing  in  opposite  directions  in 
the  same  tube  were  made,  also  a  third  class  of  experiments,  which  related 
to  motion  in  a  flat  channel  of  indefinite  breadth. 

These  last-mentioned  experiments  resulted  from  an  incidental  observation 
during  some  experiments  made  in  1876  as  to  the  effect  of  oil  to  prevent  wind 
waves.  As  the  result  of  this  observation  had  no  small  influence  in  directing 
the  course  of  this  investigation,  it  may  be  well  to  describe  it  first. 

10.  Eddies  caused  by  tlie  wind  beneath  the  oiled  surface  of  water. — A  few 
drops  of  oil  on  the  windward  side  of  a  pond  during  a  stiff  breeze,  having 
spread  over  the  pond  and  completely  calmed  the  surface  as  regards  waves, 
the  sheet  of  oil,  if  it  may  be  so  called,  was  observed  to  drift  before  the  wind, 
and  it  was  then  particularly  noticed  that  while  close  to,  and  for  a  considerable 
distance  from  the  windward  edge,  the  surface  presented  the  appearance 
of  plate  glass  ;  further  from  the  edge  the  surface  presented  that  irregular 
wavering  appearance  which  has  already  been  likened  to  that  of  sheet  glass, 
which  appearance  was  at  the  time  noted  as  showing  the  existence  of  eddies 
beneath  the  surface. 

Subsequent  observation  confirmed  this  first  view.    At  a  sufficient  distance 
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from  the  windward  edge  of  an  oil-calmed  surface  there  are  always  eddies 
beneath  the  surface  even  when  the  wind  is  light.  But  the  distance  from  the 
edge  increases  rapidly  as  the  force  of  the  wind  diminishes,  so  that  at  a 
limited  distance  (10  or  20  feet)  the  eddies  will  come  and  go  with  the  wind. 

Without  oil  I  was  unable  to  perceive  any  indication  of  eddies.  At  first  I 
thought  that  the  waves  might  prevent  their  appearance  even  if  they  were 
there,  but  by  careful  observation  I  convinced  myself  that  they  were  not  there. 
It  is  not  necessary  to  discuss  these  results  here,  although,  as  will  appear, 
they  have  a  very  important  bearing  on  the  cause  of  instability. 

11.  Experhients  by  means  of  colour  band^  in  gUtss  tubes, — These  were 
undertaken  early  in  1880 ;  the  final  experiments  were  made  on  three  tubes, 
Nos.  1,  2,  and  3.  The  diameters  of  these  were  nearly  1  inch,  ^  inch,  and 
J  inch.  They  were  all  about  4  feet  6  inches  long,  and  fitted  with  trumpet 
mouthpieces,  so  that  the  water  might  enter  without  disturbance. 

The  water  was  drawn  through  the  tubes  out  of  a  large  glass  tank,  in 
which  the  tubes  were  immersed,  arrangements  being  made  so  that  a 
streak  or  streaks  of  highly  coloured  water  entered  the  tubes  with  the  clear 
water. 

The  general  results  were  as  follows  : — 

(1)  When  the  velocities  were  sufficiently  low,  the  streak  of  colour 
extended  in  a  beautiful  straight  line  through  the  tube.  Fig.  3. 


Fig.  3. 

(2)  If  the  water  in  the  tank  had  not  quite  settled  to  rest,  at  sufficiently 
low  velocities,  the  streak  would  shift  about  the  tube,  but  there  was  no 
appearance  of  sinuosity. 

(3)  As  the  velocity  was  increased  by  small  stages,  at  some  point  in  the 
tube,  always  at  a  considerable  distance  from  the  trumpet  or  intake,  the 


Fig.  4. 

colour  band  would  all  at  once  mix  up  with  the  surrounding  water,  and 
fill  the  rest  of  the  tube  with  a  mass  of  coloured  water,  as  in  Fig.  4. 


si 
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Any  increase  in  the  velocity  caused  the  point  of  break  down  to  approach 
the  trumpet,  but  with  no  velocities  that  were  tried  did  it  reach  this. 

On  viewing  the  tube  by  the  light  of  an  electric  spark,  the  mass  of  colour 
resolved  itself  into  a  mass  of  more  or  less  distinct  curls,  showing  eddies,  as  in 
Fig.  5. 


-y^^^^?gg 


Fig.  6. 

The  experiments  thus  seemed  to  settle  questions  3  and  4  in  the  affirma- 
tive, the  existence  of  eddies  and  a  critical  velocity. 

They  also  settled  in  the  negative  question  6,  as  to  the  eddies  coming  in 
gradually  after  the  critical  velocity  was  reached. 

In  order  to  obtain  an  answer  to  question  5,  as  to  the  law  of  the  critical 
velocity,  the  diameters  of  the  tubes  were  carefully  measured,  also  the 
temperature  of  the  water,  and  the  rate  of  discharge. 

(4)  It  was  then  found  that,  with  water  at  a  constant  temperature,  and 
the  tank  as  still  as  could  by  any  means  be  brought  about,  the  critical 
velocities  at  which  the  eddies  showed  themselves  were  almost  exactly  in  the 
inverse  ratio  of  the  diameters  of  the  tubes. 

(5)  That  in  all  the  tubes  the  critical  velocity  diminished  as  the  tempera- 
ture increased,  the  range  being  from  5°  C.  to  22°  C. ;  and  the  law  of  this 
diminution,  so  far  as  could  be  determined,  was  in  accordance  with  Poiseuille*s 
experiments.  Taking  T  to  express  degrees  centigrade,  then  by  Poiseuille's 
experiments, 

^  X  P  =  (1  +  00336r+  00022irV- 
P 

Taking  a  metre  as  the  unit,  Ug  the  critical  velocity,  and  D  the  diameter  of 
the  tube,  the  law  of  the  critical  point  is  completely  expressed  by  the  formula 

where  B,  =  437  9 

log  5,=    1-64139. 

This  is  a  complete  answer  to  question  5. 

During  the  experiments  many  things  were  noticed  which  cannot  be 
mentioned  here,  but  two  circumstances  should  be  mentioned  as  emphasising 
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the  negative  answer  to  question  6.  In  the  first  place,  the  critical  velocity 
was  much  higher  than  had  been  expected  in  pipes  of  such  magnitude, 
resistance  varying  as  the  square  of  the  velocity  had  been  found  at  very  much 
smaller  velocities  than  those  at  which  the  eddies  appeared'  when  the  water  in 
the  tank  was  steady;  and  in  the  second  place,  it  was  observed  that  the 
critical  velocity  was  very  sensitive  to  disturbance  in  the  water  before  entering 
the  tubes ;  and  it  was  only  by  the  greatest  care  as  to  the  uniformity  of  the 
temperature  of  the  tank  and  the  stillness  of  the  water  that  consistent  results 
were  obtained.  This  showed  that  the  steady  motion  was  unstable  for  large 
disturbances  long  before  the  critical  velocity  was  reached,  a  fact  which  agreed 
with  the  full-blown  manner  in  which  the  eddies  appeared. 

12.  Experiments  with  two  streams  in  opposite  directions  in  the  sam£ 
tube. — A  glass  tube,  5  feet  long  and  1*2  inch  in  diameter,  having  its  ends 
slightly  bent  up,  as  shown  in  Fig.  6,  was  half  filled  with  bisulphide  of  carbon. 


Fig.  6. 

and  then  filled  up  with  water  and  both  ends  corked.  The  bisulphide  was 
chosen  as  being  a  limpid  liquid  but  little  heavier  than  water  and  completely 
insoluble,  the  surface  between  the  two  liquids  being  clearly  distinguishable. 
When  the  tube  was  placed  in  a  horizontal  direction,  the  weight  of  the 
bisulphide  caused  it  to  spread  along  the  lower  half  of  the  tube,  and  the 
surface  of  separation  of  the  two  liquids  extended  along  the  axis  of  the  tube. 
On  one  end  of  the  tube  being  slightly  raised  the  water  would  flow  to  the 
upper  end  and  the  bisulphide  fall  to  the  lower,  causing  opposite  currents 
along  the  upper  and  lower  halves  of  the  tube,  while  in  the  middle  of  the 
tube  the  level  of  the  surface  of  separation  remained  unaltered. 

The  particular  purpose  of  this  investigation  was  to  ascertain  whether 
there  was  a  critical  vehxjity  at  which  waves  or  sinuosities  would  show  them- 
selves in  the  surface  of  separation. 

It  proved  a  very  pretty  experiment  and  completely  answered  its  purpose. 

When  one  end  was  raised  quickly  by  a  definite  amount,  the  opposite 
velocities  of  the  two  liquids,  which  were  greatest  in  the  middle  of  the  tube, 
attained  a  certain  maximum  value,  depending  on  the  inclination  of  the  tube. 
When  this  was  small  no  signs  of  eddies  or  sinuosities  showed  themselves ; 
but,  at  a  certain  definite  inclination,  waves  (nearlj'  stationary)  showed  them- 
selves, presenting  all  the  appearance  of  wind  waves.     These  waves  first  made 
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their  appearance  as  very  small   waves  of  equal  lengths,  the  length  being 
comparable  to  the  diameter  of  the  tube. 


i 


Fig.  7. 

When  by  increasing  the  rise  the  velocities  of  flow  were  increased,  the 
waves  kept  the  same  length  but  became  higher,  and  when  the  rise  was 
sufficient  the  waves  would  curl  and  break,  the  one  .fluid  winding  itself  into 
the  other  in  regular  eddies. 

Whatever  might  be  the  cause,  a  skin  formed  slowly  between  the  bisulphide 
and  the  water,  and  this  skin  produced  similar  effects  to  that  of  oil  and  water; 
the  results  mentioned  are  those  which  were  obtained  before  the  skin  showed 
itself.  When  the  skin  first  came  on  regular  waves  ceased  to  form,  and  in 
their  place  the  surface  was  disturbed,  as  if  by  irregular  eddies,  above  and 
below,  just  as  in  the  case  of  the  oiled  surface  of  water. 

The  experiment  was  not  adapted  to  aflbrd  a  definite  measure  of  the 
velocities  at  which  the  various  phenomena  occurred ;  but  it  was  obvious  that 
the  critical  velocity  at  which  the  waves  first  appeared  was  many  times  smaller 
than  the  critical  velocity  in  a  tube  of  the  same  size  when  the  motion  was  in 
one  direction  only.  It  was  also  clear  that  the  critical  velocity  was  nearly, 
if  not  quite,  independent  of  any  existing  disturbance  in  the  liquids;  so  that 
this  experiment  shows — 

(1)  That  there  is  a  critical  velocity  in  the  case  of  opposite  flow  at  which 
direct  motion  becomes  unstable. 

(2)  That  the  instability  came  on  gradually  and  did  not  depend  on  the 
magnitude  of  the  disturbances,  or  in  other  words,  that  for  this  class  of  motion 
question  6  must  be  answered  in  the  affirmative. 

It  thus  appeared  that  there  was  some  diflferencc  in  the  cause  of  instability 
in  the  two  motions. 

13.  Further  study  of  the  equations  of  motion, — Having  now  definite  data 
to  guide  me,  I  was  anxious  to  obtain  a  fuller  explanation  of  these  results 
from  the  equjitions  of  motion.  I  still  saw  only  one  way  open  to  account  for 
the  instability,  namely,  by  assuming  the  instability  of  a  Irictionless  fluid  to 
be  general. 

Having  found  a  method  of  integrating  the  equations  for  frictionless  fluid 
as  far  as  to  show  whether  any  particular  form  of  steady  motion  is  stable  for 
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a  small  disturbance,  I  applied  this  method  to  the  case  of  parallel  flow  in 
a  frictionless  fluid.  The  result,  which  I  obtained  at  once,  was  that  flow 
in  one  direction  was  stable,  flow  in  opposite  directions  unstable.  This  was 
not  what  I  was  looking  for,  and  I  spent  much  time  in  trying  to  find  a  way 
out  of  it,  but  whatever  objections  my  method  of  integration  may  be  open  to, 
I  could  make  nothing  less  of  it. 

It  was  not  until  the  end  of  1882  that  I  abandoned  further  attempts  with 
a  frictionless  fluid,  and  attempted  by  the  same  method  the  integration  of  a 
viscous  fluid.  The  change  was  in  consequence  of  a  discovery  that  in  pre- 
viously considering  the  effect  of  viscosity  I  had  omitted  to  take  fully  into 
account  the  boundary  conditions  which  resulted  from  the  friction  between 
the  fluid  and  the  solid  boundary. 

On  taking  these  boundary  conditions  into  account,  it  appeared  that 
although  the  tendency  of  internal  viscosity  of  the  fluid  is  to  render  direct  or 
steady  motion  stable,  yet  owing  to  the  boundary  condition  resulting  from  the 
friction  at  the  solid  surface,  the  motion  of  the  fluid,  irrespective  of  viscosity, 
would  be  unstable.  Of  course  this  cannot  be  rendered  intelligible  without 
going  into  the  mathematics.  But  what  I  want  to  point  out  is  that  this 
instability,  as  shown  by  the  integration  of  the  equations  of  motion,  depends 
on  exactly  the  same  relation, 

cp 
as  that  previously  found. 

This  explained  all  the  practical  anomalies  and  particularly  the  absence  of 
eddies  below  a  pure  surface  of  water  exposed  to  the  wind.  For  in  this  case 
the  surface  being  free,  the  boundary  condition  was  absent,  whereas  the  film 
of  oil,  by  its  tangential  stiffness,  introduced  this  condition ;  this  circumstance 
alone  seemed  a  suflScient  verification  of  the  theoretical  conclusion. 

But  there  was  also  the  sudden  way  in  which  eddies  came  into  exist- 
ence in  the  experiments  with  the  colour  band,  and  the  effect  of  disturb- 
ances to  lower  the  critical  velocity.  These  were  also  explained,  for  as 
long  as  the  motion  was  steady,  the  instability  depended  upon  the  boundary 
action  alone,  but  once  eddies  were  introduced,  the  stability  would  be  broken 
down. 

It  thus  appeared  that  the  meaning  of  the  experimental  results  had  been 
ascertained,  and  the  relation  between  the  four  leading  features  and  the 
circumstances  on  which  they  depend  traced  for  the  case  of  water  in  parallel 
flow. 

But  as  it  appeared  that  the  critical  velocity  in  the  case  of  motion  in  one 
direction,  did  not  depend  on  the  cause  of  instability,  with  a  view  to  which  it 
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was  investigated,  it  followed  that  there  must  be  another  critical  velocity, 
which  would  be  the  velocity  at  which  previously  existing  eddies  would  die 
out,  and  the  motion  become  steady  as  the  water  proceeded  along  the  tube. 
This  conclusion  has  been  verified. 

14.  Results  of  experiments  in  the  law  of  resistance  in  tubes. — The 
existence  of  the  critical  velocity  described  in  the  previous  article,  could  only 
be  tested  by  allowing  water  in  a  high  state  of  disturbance  to.  enter  a  tube, 
and  after  flowing  a  sufficient  distance  for  the  eddies  to  die  out,  if  they  were 
going  to  die  out,  to  test  the  motion. 

As  it  seemed  impossible  to  apply  the  method  of  colour  bands,  the  test 
applied  was  that  of  the  law  of  resistance  as  indicated  in  questions  (1)  and 
(2)  in  §  8.     The  result  was  very  happy. 

Two  straight  lead  pipes  No.  4  and  No.  5,  each  16  feet  long  and  having 
diameters  of  a  quarter  and  a  half  inch  respectively,  were  used.  The  water 
was  allowed  to  flow  through  rather  more  than  10  feet  before  coming  to  the 
first  gauge  hole,  the  second  gauge  hole  being  5  feet  further  along  the  pipe. 

The  results  were  very  definite,  and  are  partly  shown  in  Fig.  8,  and  more 
fully  in  diagram  1,  page  90. 
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Fig.  8. 

(1)  At  the  lower  velocities  the  pressure  was  proportional  to  the  velocity, 
and  the  velocities  at  which  a  deviation  from  the  law  first  occurred  were  in 
exact  inverse  ratio  of  the  diameters  of  the  pipes. 

(2)  Up  to  these  critical  velocities  the  discharge  from  the  pipes  agreed 
exactly  with  those  given  by  Poiseuille  s  formula  for  capillary  tubes. 

(3)  For  some  little  distance  after  passing  the  critical  velocity,  no  very 
simple  relations  appeared  to  hold  between  the  pressures  and  velocities.  But 
by  the  time  the  velocity  reached  1*2  (critical  velocity)  the  relation  became 
again  simple.  The  pressure  did  not  vary  as  the  square  of  the  velocity,  but 
as  1*722  power  of  the  velocity ;  this  law  held  in  both  tubes  and  through 
velocities  ranging  from  1  to  20,  where  it  showed  no  signs  of  breaking  clown. 

(4)  The  most  striking  result  was  that  not  only  at  the  critical  velocity. 
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but  throughout  the  entire  motion,  the  laws  of  resistance  exactly  corresponded 
for  velocities  in  the  ratio  of 

This  last  i-esult  was  brought  out  in  the  most  striking  manner  on  reducing  the 
results  by  the  graphic  method  of  logarithmic  homologues  as  described  in  my 
paper  on  Thermal  Transpiration.*  Calling  the  resistance  per  unit  of  length 
as  measured  in  the  weight  of  cubic  units  of  water  i,  and  the  velocity  v,  log  i 
is  taken  for  abscissa,  and  log  v  for  ordinate,  and  the  curve  plotted. 

In  this  way  the  experimental  results  for  each  tube  are  represented  as  a 
curve  ;  these  curves,  which  are  shown  as  far  as  the  small  scale  will  admit  in 
Fig.  9,  present  exactly  the  same  shape,  and  only  differ  in  position. 


Pig.  9. 


Pipe. 


Diameter. 

No.  4,  Lead 000615 

„    ->,     „    0-0127 

A,  Glass 00496 

B,  Cast-iron 0188 

D,         „         0-5 

C,  Varnish 0196. 

Either  of  the  curves  may  be  brought  into  exact  coincidence  with  the 
other  by  a  rectangular  shift,  and  the  horizontal  shifts  are  given  by  the  differ- 
ence of  the  logarithms  of 

♦  Phil,  Trans.  1879,  Part  ii.  p.  40. 
O.  K.    II.  & 
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for  the  two  tubes,  the  vertical  shifts  being  the  diflFerence  of  the  logarithms  of 

D 

The  temperatures  at  which  the  experiment  had  been  made  were  nearly 
the  same,  but  not  quite,  so  that  the  effect  of  the  variations  of  fi  showed 
themselves. 

15.  Comparison  with  Darcy*8  experiments, — The  definiteness  of  these 
results,  their  agreement  with  Poiaeuille's  law,  and  the  new  form  which  they 
more  than  indicated  for  the  law  of  resistance  above  the  critical  velocities,  led 
me  to  compare  them  with  the  well-known  experiments  of  Darcy  on  pipes 
ranging  from  0*014  to  0*5  metre  in  diameter. 

Taking  no  notice  of  the  empirical  laws  by  which  Darcy  had  endeavoured 
to  represent  his  results,  I  had  the  logarithmic  homologues  drawn  from  his 
published  experiments.  If  my  law  was  general  then  these  logarithmic  curves, 
together  with  mine,  should  all  shift  into  coincidence,  if  each  were  shifted 
horizontally  through 

I> 

p.* 

and  vertically  through 

P' 

In  calculating  these  shifts  there  were  some  doubtful  points.  Darcy's 
pipes  were  not  uniform  between  the  gauge  points,  the  sections  varying 
as  much  as  20  per  cent,  and  the  temperature  was  only  casually  given. 
These  matters  rendered  a  close  agreement  unlikely.  It  was  rather  a  question 
of  seeing  if  there  was  any  systematic  disagreement.  When  the  curves  came 
to  be  shifted  the  agreement  was  remarkable.  In  only  one  respect  was  there 
any  systematic  disagreement,  and  this  only  raised  another  point ;  it  was  only 
in  the  slopes  of  the  higher  portions  of  the  curves.  In  both  my  tubes  the 
slopes  were  as  1*722  to  1 ;  in  Darcy's  they  varied  according  to  the  nature  of 
the  material,  from  the  lead  pipes,  which  were  the  same  as  mine,  to  1*92  to  1 
with  the  cast-iron. 

This  seems  to  show  that  the  nature  of  the  surface  of  the  pipe  has  an 
effect  on  the  law  of  resistance  above  the  critical  velocity. 

16.  The  critical  velocities, — All  the  experiments  agreed  in  giving 

_J_P 

^' "  278  D 

as  the  critical  velocity,  to  which  corresponds  as  the  critical  slope  of  pressure 

.  ^  _    1         P» 
^'     47700000  D" ' 
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the  units  being  metres  and  degrees  centigrade.  It  will  be  observed  that 
this  value  is  much  less  than  the  critical  velocity  at  which  steady  motion 
broke  down ;  the  ratio  being  43*7  to  278. 

17.  The  general  law  of  resistance. — The  logarithmic  homologues  all 
consist  of  two  straight  branches,  the  lower  branch  inclined  at  45  degrees  and 
the  upper  one  at  n  horizontal  to  1  vertical.  Except  for  the  small  distance 
beyond  the  critical  velocity  these  branches  constitute  the  curves.  These  two 
branches  meet  in  a  point  on  the  curve  at  a  definite  distance  below  the 
critical  pressure,  so  that,  ignoring  the  small  portion  of  the  curve  above  the 
point  before  it  again  coincides  with  the  upper  branch,  the  logarithmic 
homologue  gives  for  the  law  of  resistance  for  all  pipes  and  all  velocities 


-?•■-(-?•)"• 


P^       V    p 

where  n  has  the  value  unity  as  long  as  either  number  is  below  unity,  and 
then  takes  the  value  of  the  slope  n  to  1  for  the  particular  surface  of  the  pipe. 

If  the  units  are  metres  and  degrees  centigrade, 

^  =  67,700,000, 

5  =  396, 

P  =  (1  +  0-0336  r+  0000221  T^)-\ 

This  equation  then,  excluding  the  region  iminediately  about  the  critical 
velocity,  gives  the  law  of  resistance  in  Poiseuille's  tubes,  those  of  the  present 
investigation  and  Darcy  s,  the  range  of  diameters  being 

from  0000013  (Poiseuille,  184.5) 

to  0-5  (Darcy,  1857), 

and  the  range  of  velocities 

from  00026) 


to  7-00 


metres  per  sec,  1883. 


Tliis  algebraical  formula  shows  that  the  experiments  entirely  accord  with 
the  theoretical  conclusions. 

The  empirical  constants  are  A,  B,  P,  and  n  ;  the  first  three  relate  solely 
to  the  dimensional  properties  of  the  fluid  summed  up  in  the  viscosity,  and  it 
seems  probable  that  the  last  relates  to  the  properties  of  the  surface  of  the 
pipe. 

Much  of  the  success  of  the  experiments  is  due  to  the  care  and  skill  of 
Mr  Foster,  of  Owens  College,  who  has  constructed  the  apparatus  and  assisted 
me  in  making  the  experiments. 

6—2 


68  ON  THE  MOTION  OF  WATER,  AND  OF 


Section  II. 


Experiments  in  glass  tubes  by  means  of  colour  bands. 


18.  In  commencing  these  experiments  it  was  impossible  to  form  any  vet^ 
definite  idea  of  the  velocity  at  which  eddies  might  make  their  appearance 
with  a  particular  tube.  The  experiments  of  Poiseuille  showed  that  the  law 
of  resistance  varying  as  the  velocity  broke  down  in  a  pipe  of  say  0*6  millim. 
diameter ;  and  the  experiments  of  Darcy  showed  this  law  did  not  hold  in  a 
half-inch  pipe  with  a  velocity  of  6  inches  per  second. 

These  considerations,  together  with  the  comparative  ease  with  which 
experiments  on  a  small  scale  can  be  made,  led  me  to  commence  with  the 
smallest  tube  in  which  I  could  hope  to  perceive  what  was  going  on  with  the 
naked  eye,  expecting  confidently  that  eddies  would  make  their  appearance  at 
an  easily  attained  velocity. 

19.  The  first  apparatus. — This  consisted  of  a  tube  about  J  inch  or 
6  millims.  in  diameter.  This  was  bent  into  the  siphon  form  having  one 
straight  limb  about  2  feet  long  and  the  other  about  5  feet  (Fig.  10). 


^ 


f 


Fig.  10.  Fig.  icy. 

The  end  of  the  shorter  limb  was  expanded  to  a  bell  mouth,  while  the 
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i  mm  pfovided  with  an  indiarubber  extension  on  which  was  a  screw 


The  bett-mouthed  limb  was  held  vei*tically  in  the  middle  of  a  beaker, 
ith  the  mooih  several  inches  from  the  bottom  as  shown  in  Figs.  10  and  10'. 

A  ooloor  tube  about  6  millims.  in  diameter,  also  of  siphon  form,  was 
laced  «e  ehowa  in  the  figure,  with  the  open  end  of  the  shorter  limb  just 
nder  the  bell  mouth,  the  longer  limb  communicating  through  a  controlling 
ip  with  a  reservoir  of  highly  coloured  water  placed  at  a  suflScient  height. 
.  supply-pipe  was  led  into  the  beaker  for  the  purpose  of  filling  it ;  but  not 
ith  the  idea  of  maintaining  it  full,  as  it  seemed  probable  that  the  inflowing 
ater  would  create  too  much  disturbance,  experience  having  shown  how 
nportant  perfect  internal  rest  is  to  successful  experiments  with  coloured 
ater. 


20.  The  first  experiment. — ^The  vessels  and  the  siphons  having  been  filled 
ad  allowed  to  stand  for  sonie  hours  so  as  to  allow  all  internal  motion  to 
3ase,  the  colour  clip  was  opened  so  a8  to  allow  the  colour  to  emerge  slowly 
elow  the  bell  (Fig.  11). 


Hg.  11. 


Fig.  12. 


Then  the  clip  on  the  running  pipe  was  opened  very  gradually.  The 
ater  was  drawn  in  at  the  bell  mouth,  and  the  coloured  water  entered,  at 
rst  taking  the  form  of  a  candle  flame  (Fig.  12),  which  continually  elongated 
ntil  it  became  a  very  fine  streak,  contracting  immediately  on  leaving  the 
>lour-tube,  and  extending  all  along  the  tube  from  the  bell  mouth  to  the 
iitlet  (Fig.  10).    On  further  opening  the  regulating  clip  so  as  to  increase 
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the  velocity  of  flow,  the  supply  of  colour  remaining  unaltered,  the  only  effect 
was  to  diminish  the  thickness  of  the  colour  band.  This  was  again  increased 
by  increasing  the  supply  of  colour,  and  so  on  until  the  velocity  was  the 
greatest  that  circumstances  would  allow — until  the  clip  was  fully  open. 
Still  the  colour  band  was  perfectly  clear  and  definite  throughout  the  tube. 
It  was  apparent  that  if  there  were  to  be  eddies  it  must  be  at  a  higher 
velocity.  To  obtain  this  about  2  feet  more  were  added  to  the  longer  leg  of 
the  siphon,  which  brought  it  down  to  the  floor. 

On  trying  the  experiment  with  this  addition,  the  colour  band  was  still 
clear  and  undisturbed. 

So  that  for  want  of  power  to  obtain  gi'catcr  velocity  this  experiment 
failed  to  show  eddies. 

When  the  supply  pipe  which  filled  the  beaker  was  kept  running  during 
the  experiment,  it  kept  the  water  in  the  beaker  in  a  certain  state  of  disturb- 
ance. The  effect  of  this  disturbance  was  to  disturb  the  colour  band  in  the 
tube,  but  it  was  extremely  difficult  to  say  whether  this  was  due  to  the 
wavering  of  the  colour  band  or  to  genuine  eddiea 

21.  The  final  apparatus. — ^This  was  on  a  much  larger  scale  than  the 
first.  A  straight  tube,  neai'ly  5  feet  long  and  about  an  inch  in  diameter, 
was  selected  from  a  large  niimber  as  being  the  most  nearly  uniform,  the 
variation  of  the  diameter  being  less  than  l-32nd  of  an  inch. 

The  ends  of  this  tube  were  ground  off  plane,  and  on  the  end  which 
appeared  slightly  the  larger  was  fitted  a  trumpet  mouth  of  varnished  wood, 
great  care  being  taken  to  make  the  surface  of  the  wood  continuous  with 
that  of  the  glass  (Fig.  13). 

The  other  end  of  the  glass  pipe  was  connected  by  means  of  an  indiarubber 
washer  with  an  iron  pipe  nearly  2  inches  in  diameter. 

The  iron  pipe  passed  horizontally  through  the  end  of  a  tank,  6  feet  long, 
18  inches  broad  and  18  inches  deep,  and  then  bent  through  a  quadrant  so 
that  it  became  vertical,  and  reached  7  feet  below  the  glass  tube.  It  then 
terminated  in  a  large  cock,  having,  when  open,  a  clear  way  of  nearly  a  square 
inch. 

This  cock  was  controlled  by  a  long  lever  reaching  up  to  the  level  of  the 
tank.  The  tank  was  raised  upon  trestles  about  7  feet  above  the  floor,  and 
on  each  side  of  it,  at  4  feet  from  the  ground,  was  a  platform  for  the  observers. 
The  glass  tube  thus  extended  in  a  horizontal  direction  along  the  middle  of 
the  tank,  and  the  trumpet  mouth  was  something  less  than  a  foot  from  the 
end.     Through  this  end,  just  opposite  the  trumpet,  was  a  straight  colour 
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tube  three-quarters  of  an  inch  in  diameter,  and  this  tube  was  connected,  by 
means  of  an  indianibber  tube  with  a  clip  upon  it,  with  a  reservoir  of  colour, 
which  for  good  reasons  subsequently  took  the  form  of  a  common  water  bottle. 


Fig.  13. 

With  a  view  to  determining  the  velocity  of  flow,  an  instrument  was  fitted 
for  showing  the  changes  of  level  of  the  water  in  the  tank  to  the  100th  of 
an  inch  (Fig.  14).     Thermometers  were  hung  at  various  levels  in  the  tank. 

22.  Tfie  final  eitperiments. — The  first  experiment  with  this  apparatus 
was  made  on  22nd  February,  1880. 

By  means  of  a  hose  the  tank  was  filled  from  the  water  main,  and  having 
been  allowed  to  stand  for  several  hours,  from  10A.H.  to  2  p.m.,  it  was  then 
found  that  the  water  had  a  temperature  of  46°  F.  at  the  bottom  of  the  tank, 
and  47°  F.  at  the  top.     The  experiment  was  then  commenced  in  the  same 
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manner  as  in  the  first  trials.  The  colour  was  allowed  to  flow  very  slowly, 
and  the  cock  slightly  opened.  The  colour  band  established  itself  much  as 
before,  and  remained  beautifully  steady  as  the  velocity  was  increased  until, 


Fig.  14. 

all  at  once,  on  a  slight  further  opening  of  the  valve,  at  a  point  about  two 
feet  from  the  iron  pipe,  the  colour  band  appeared  to  expand  and  mix  with  the 
water  so  as  to  fill  the  remainder  of  the  pipe  with  a  coloured  cloud,  of  what 
appeared  at  first  sight  to  be  of  a  uniform  tint  (Fig.  4,  p.  69). 

Closer  inspection,  however,  showed  the  nature  of  this  cloud.  By  moving 
the  eye  so  as  to  follow  the  motion  of  the  water,  the  expansion  of  the  colour 
band  resolved  itself  into  a  well-defined  waving  motion  of  the  band,  at  first 
without  other  disturbance,  but  after  two  or  three  waves  came  a  succession 
of  well-defined  and  distinct  eddies.  These  were  sufficiently  recognisable  by 
following  them  with  the  eye,  but  more  distinctly  seen  by  a  flash  from  a 
spark,  when  they  appeared  as  in  Fig.  5,  p.  60. 

The  first  time  these  were  seen  the  velocity  of  the  water  was  such  that 
the  tank  fell  1  inch  in  1  minute,  which  gave  a  velocity  of  0"'627,  or  2  feet 
per  second.  On  slightly  closing  the  valve  the  eddies  disappeared,  and  the 
straight  colour  band  established  itself. 

Having  thus  proved  the  existence  of  eddies,  and  that  they  came  into 
existence  at  a  certain  definite  velocity,  attention  was  directed  to  the  relations 
between  this  critical  velocity,  the  size  of  the  tube,  and  the  viscosity. 

Two  more  tubes  (2  and  3)  were  prepared  similar  in  length  and  mounting 
to  the  first,  but  having  diameters  of  about  one-half  and  one-quarter  inch 
respectively. 
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In  the  meaDtime  an  attempt  was  made  to  ascertain  the  effect  of  viscosity 
y  using  water  at  different  temperatures.  The  temperature  of  the  water 
om  the  main  was  about  46°,  the  temperature  of  the  room  about  54° ;  to 
btain  a  still  higher  temperature,  the  tank  was  heated  to  70°  by  a  jet  of 
ieam.  Then  taking,  as  nearly  as  we  could  tell,  similar  disturbances,  the 
xperiments  which  are  numbered  1  and  2  in  Table  L,  page  74,  were  made. 

To  compare  these  for  the  viscosity,  Poiseuille  s  experiments  were  available, 
ut  to  prevent  any  accidental  peculiarity  of  the  water  being  overlooked, 
xperiments  after  the  same  manner  as  Poiseuille's  were  made  with  the  water 
1  the  tank.  The  results  of  these  however  agreed  so  exactly  with  those  of 
oiseuille  that  the  comparative  effect  of  viscosity  was  taken  from  Poiseuille  s 
>rmula 

P-i  =  1  +  003368!r+  0000221!r«, 

here  P  cc  fi  with  the  temperature  and  T  is  temperature  centigrade. 

The  relative  values  of  P  at  47°  and  70°  Fah.  aie  as 

1-3936  to  1, 
hile  the  relative  critical  velocities  at  these  temperatures  were  as 

1-45  to  1, 
hich  agreement  is  very  close  considering  the  nature  of  the  experiments. 

But  whatever  might  have  been  the  cause  of  the  previous  anomalies, 
lese  were  greatly  augmented  in  the  heated  tank.  After  being  heated 
le  tank  had  been  allowed  to  stand  for  an  hour  or  two,  in  order  to  become 
yeady.  On  opening  the  valve  it  was  thought  that  the  eddies  presented  a 
ifferent  appearance  from  those  in  the  colder  water,  and  the  thought  at  once 
iggested  itself  that  this  was  due  to  some  source  of  initial  disturbance, 
everal  sources  of  such  disturbance  suggested  themselves — the  temperature 
f  the  tank  was  11°  C.  above  that  of  the  room,  and  the  cooling  arising  from 
le  top  and  sides  of  the  tank  must  cause  circulation  in  the  tank.  A  few 
^reaks  of  colour  added  to  the  water  soon  showed  that  such  a  circulation 
xisted,  although  it  was  very  slow.  Another  source  of  possible  disturbance 
as  the  difference  in  the  temperature  at  the  top  and  bottom  of  the  tank, 
liis  had  been  as  much  as  5°. 

In  order  to  get  rid  of  these  sources  of  disturbance  it  was  necessary  to 
ave  the  tank  at  the  same  temperature  as  the  room,  about  54°  or  55°. 
*hen  it  was  found  by  several  trials  that  the  eddies  came  on  at  a  fall  of 
bout  1  inch  in  64  seconds,  which,  taking  the  viscosity  into  account,  was 
igher  than  in  the  previous  case,  and  this  was  taken  to  indicate  that  there 
'as  less  disturbance  in  the  water. 

As  it  was  difficult  to  alter  the  temperatures  of  the  building  so  as  to  obtain 
xperiments  under  like  conditions  at  a  higher  temperature,  and  it  appeared 


74 


ON  THE  MOTION  OF  WATER,  AND  OV 


[« 


that  the  same  object  would  be  accomplished  by  cooling  the  water  to  its 
maximum  density,  40",  this  plan  was  adopted  and  answered  well,  ice  being 
used  to  cool  the  water. 

Experiments  were  then  made  with  three  tubes  1,  2,  3,  at  temperatures 
of  about  51"  and  40".     All  are  give!i  in  Table  I. 

Table  I. 

Experiments  with  Colour  Bands — Critical   Velocities  at  which  Steady 
Motion  breaks  down. 

Pipe  No,  1,  glass.— Dia!neter  00268      metre ;  log  diameter  2-4282K. 
„     No.  2,     „  „  001527         „  „  218400. 

„     No.  3,      „  „  000788H       „  „  3-89783. 

Discharge,  cub.  metre  =  '021237  ;  log=  232709. 


DaU>.  IHSO 

Refer- 
ence 
num- 
ber 

Pipe 

Tem- 
pera- 
ture, 
centi- 

Time 
of  dis- 
cbarge 

Velocity, 
metres 

log  time 

-logP 

logr 

logB. 

grade 

1  Mart^li 

1 

No.  1 

8-3 

60 

0-6270 

1-77815 

011242 

T-79729 

1-66200 

3  M 

2 

»   1  21 

87 

0-4325 

1-93969 

0-25654 

1-63593 

1-67930 

i2r>  „ 

3 

n   '  l.> 

70 

0-5374 

1-84500 

0-19198 

1-73035 

1-64936 

,  21  Aiiril 

4 

.     ;  12 

60 

0-6270 

1-77815 

015712 

1-79729 

1-61730 

' 

.') 

13 

64 

0-5878 

1-80618 

0-16882 

1-76926 

1-64464 

)) 

6 

13 

67 

0-5614 

1-82617 

0-16882 

1-74927 

1-66363 

7 

13 

64 

0-5878 

1-80618 

0-16882 

1-76926 

1-64464 

8 

.,      5 

54 

0-6967 

1-73239 

0-06963 

1-84305 

1-66898 

9 

»   ,   '> 

52 

0-7235 

1-71600 

0-06963 

1-85940 

1-64269 

|22  " 

10 

„   1  10 

62 

0-6068 

1-79239 

013319 

1-78305 

1-65646 

I    I 

11 

11 

11 

64 

0-5870 

1-80613 

014525 

1-76931 

1-65716 

25  March 

12 

No.  2 

22 

155 

0-7476 

219033 

0-26710 

1-87367 

1-67623 

23  April 

13 

»» 

11 

110 

1-052 

2-04139 

0-14525 

0-02261 

1-64814 

14 

11 

11 

108 

1-072 

2-03342 

014525 

0-03058 

1-64017 

15 

11 

4 

m 

1-396 

1-91907 

0-05621 

0-14493 

1-61486 

16 

11 

4 

83 

1-396 

1-91907 

0-05621 

0-14493 

1-61486 

17 

^,  !  ^ 

83 

1-396 

1-91907 

0-05621 

014493 

1-61486 

18 

11    1  ^> 

86 

1-348 

1  -93449 

0-08278 

0-12961 

1-59371 

)) 

19 

„   1   6 

85 

1-362 

1-92941 

0-08278 

0-13459 

1-59863 

24  „ 

20 

N(».  3   11 

220 

1-967 

2-34242 

014525 

0-29392 

1-66300 

21 

„      i   10-5 

224 

1-932 

2-35024 

013920 

0-28610 

1-67687 

'* 

22 

^1      ,  11 

218 

1-982 

2-33845 

0-14525 

0-29789 

1-65903 

23 

,,   1   11 

116 

2-004 

2-33445 

0-14525 

0-30189 

l-a5503 

2.')  i! 

24 

11      '   4 

164 

2-637 

2-21484 

0-05621 

0-42150 

1-62446 

25 

„   1   •* 

172 

2-517 

2-23552 

0-05621 

0-40082 

1-64514 

'    f« 

26 

6 

176 

2-460 

2-24551 

0-08278 

0-39083 

1  -62^56 

1 

27 

« 

176 

2-460 

2-24551 

0-08278 

0-39083 

1-62856 

V 

28 

„   '   « 

174 

2-488 

2-24054 

0-08278 

0-39580 

1-62359 

»» 

29 

„   1   6 

177 

2-446 



2-24791 

0-08278 

0-38a37 

1-63102 

1 

This  gives  the  mean  value  for  logi^,  104139;  and  i^,  =  43-79. 
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In  reducing  the  results  the  unit  taken  has  been  the  meti*e  and  the  tem- 
perature is  given  in  degrees  centigiude. 

The  diameters  of  the  three  tubes  were  found  by  filling  the!n  with  water. 

The  time  measureil  was  the  time  in  which  the  tank  fell  1  inch,  which  in 
cubic  metres  is  given  by 

Q  = -021237. 

In  the  table  the  logarithms  of  P,  v,  and  Bg  arc  given,  as  well  as  the  natural 
numbei-s  for  the  sake  of  reference. 

The  velocities  v  have  been  obtained  by  the  formula 
Bj,  being  obtained  from  the  formula 


"^nD" 


The  final  value  of  Bg  is  obtained  from  the  mean  value  of  the  logarithm 
of  B,. 

23.  The  results. — The  values  of  log  Bg  show  a  considerable  amount  of 
regularity,  and  prove,  I  think  conclusively,  not  only  the  existence  of  a  critical 
velocity  at  which  eddies  come  in,  but  that  it  is  proportional  to  the  viscosity 
and  inversely  proportional  to  the  diameter  of  the  tube. 

The  fact,  however,  that  this  relation  has  only  been  obtained  by  the  utmost 
care  to  reduce  the  internal  disturbances  in  the  water  to  a  minimum  must  not 
be  lost  sight  of. 

The  fact  that  the  steady  motion  breaks  down  suddenly  shows  that  the 
fluid  is  in  a  state  of  instability  for  disturbances  of  the  magnitude  which 
cause  it  to  break  down.  But  the  fact  that  in  some  conditions  it  will  break 
down  for  a  large  disturbance,  while  it  is  stable  for  a  smaller  disturbance  shows 
that  there  is  a  certain  residual  stability  so  long  as  the  disturbances  do  not 
exceed  a  given  amount. 

The  only  idea  that  I  had  formed  before  commencing  the  experiments  was 
that  at  some  critical  velocity  the  motion  must  become  unstable,  so  that  any 
disturbance  from  perfectly  steady  motion  would  result  in  eddies. 

I  had  not  been  able  to  form  any  idea  as  to  any  particular  form  of  dis- 
turbance being  necessary.  But  experience  having  shown  the  impossibility  of 
obtaining  absolutely  steady  motion,  I  had  not  doubted  but  that  appearance 
of  eddies  would  be  almost  simultaneous  with  the  condition  of  instability. 


76  ON  THE  MOTION  OF  WATER,  AND  OF  [44 

I  had  not,  therefore,  considered  the  disturbances  except  to  try  and  diminish 
them  as  much  as  possible.  I  had  expected  to  see  the  eddies  make  their 
appearance  as  the  velocity  increased,  at  first  in  a  slow  or  feeble  manner, 
indicating  that  the  water  was  but  slightly  unstable.  And  it  was  a  matter 
of  surprise  to  me  to  see  the  sudden  force  with  which  the  eddies  sprang  into 
existence,  showing  a  highly  unstable  condition  to  have  existed  at  the  time 
the  steady  motion  broke  down. 

This  at  once  suggested  the  idea  that  the  condition  might  be  one  of 
instability  for  disturbance  of  a  certain  magnitude  and  stable  for  smaller 
disturbances. 

In  order  to  test  this,  an  open  coil  of  wire,  as  in  Fig.  15,  was  placed  in  the 
tube  so  as  to  create  a  definite  disturbance. 


Fig.  15. 

Eddies  now  showed  themselves  at  a  velocity  of  less  than  half  the  previous 
critical  velocity,  and  these  eddies  broke  up  the  colour  band,  but  it  was 
difficult  to  say  whether  the  motion  was  really  unstable  or  whether  the  eddies 
were  the  result  of  the  initial  disturbance,  for  the  colour  band  having  once 
broken  up  and  become  mixed  with  the  water,  it  was  impossible  to  say  whether 
the  motion  did  not  tend  to  become  steady  again  later  on  in  the  tube. 

Subsequent  observation  however  tended  to  show  that  the  critical  value  of 
the  velocity  depended  to  some  extent  on  the  initial  steadiness  of  the  water. 
One  phenomenon  in  particular  was  very  marked. 

Where  there  was  any  considerable  disturbance  in  the  water  of  the  tank 
and  the  cock  was  opened  very  gradually,  the  state  of  disturbance  would  first 
show  itself  by  the  wavering  about  of  the  colour  band  in  the  tube ;  sometimes 
it  would  be  driven  against  the  glass  and  would  spread  out,  and  all  without 
a  symptom  of  eddies.  Then,  as  the  velocity  increased  but  was  still  com- 
paratively small,  eddies,  and  often  very  regular  eddies,  would  show  themselves 
along  the  latter  part  of  the  tube.  On  further  opening  the  cock  these  eddies 
would  disappear  and  the  colour  band  would  become  fixed  and  steady  right 
through  the  tube,  which  condition  it  would  maintain  until  the  velocity 
reached  its  normal  critical  value,  and  then  the  eddies  would  appear  suddenly 
as  before. 


Another  phenomenon  very  marked  in  the  smaller  tubes,  was  the  in 
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inittent  character  of  the  disturbance.  The  disturbance  would  suddenly  come 
on  through  a  certain  length  of  the  tube  and  pass  away  and  then  come  on 
again,  giving  the  appearance  of  flashes,  and  these  flashes  would  often 
commence  successively  at  one  point  in  the  pipe.  The  appearance  when  the 
flashes  succeeded  each  other  rapidly  was  as  shown  in  Fig.  16. 


E^^S^^ZBS 
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Fig.  16. 

This  condition  of  flashing  was  quite  as  marked  when  the  water  in  the 
tank  was  very  steady,  as  when  somewhat  disturbed. 

Under  no  circumstances  would  the  disturbance  occur  nearer  to  the  trumpet 
than  about  30  diameters  in  any  of  the  pipes,  and  the  flashes  generally,  but 
not  always,  commenced  at  about  this  distance. 

In  the  smaller  tubes  generally,  and  with  the  larger  tube  in  the  case  of 
the  ice-cold  water  at  40°,  the  first  evidence  of  instability  was  an  occasional 
flash  beginning  at  the  usual  place  and  passing  out  as  a  disturbed  patch  two 
or  three  inches  long.  As  the  velocity  was  further  increased  these  flashes 
became  more  frequent  until  the  disturbance  became  general. 

I  did  not  see  a  way  to  any  very  crucial  test  as  to  whether  the  steady 
motion  became  unstable  for  a  large  disturbance  before  it  did  so  for  a  small 
one ;  but  the  general  impression  left  on  my  mind  was  that  it  did  in  some 
way — as  though  disturbances  in  the  tank,  or  arising  from  irregularities  in 
the  tube,  were  necessary  to  the  existence  of  a  state  of  instability. 

But  whatever  these  peculiarities  may  mean  as  to  the  way  in  which  eddies 
present  themselves,  the  broad  fact  of  there  being  a  critical  value  for  the 
velocity  at  which  the  steady  motion  becomes  unstable,  which  critical  value  is 
proportional  to 

where  c  is  the  diameter  of  the  pipe  and  fi/p  the  viscosity  by  the  density,  is 
abundantly  established.  And  cylindrical  glass  pipes  for  approximately  steady 
water  have  for  the  critical  value 

P 


^  =  2^' 


where  in  metres  -B,  =  43-79  about. 
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Section  III. 

ETperiments  to  determine  the  critical  velocity  by  means  of  resistance  in 

the  pipes. 

24.  Although  at  first  sight  such  experiments  may  appear  to  be  simple 
enough,  yet  when  one  began  to  consider  actual  ways  and  means,  so  many 
uncertainties  and  difficulties  presented  themselves,  that  the  necessary  courage 
for  undertaking  them  was  only  acquired  after  two  years'  further  study  of  the 
hydrodynamical  aspect  of  the  subject,  by  the  light  thrown  upon  it  by  the 
previous  experiment  with  the  colour  bands.  This  has  been  already  explained 
in  Art.  13.  Those  experiments  had  shown  definitely  that  there  was  a 
critical  value  of  the  velocity  at  which  eddies  began,  if  the  water  were 
approximately  steady  when  drawn  into  the  tube,  but  they  had  also  shown 
definitely,  that  at  such  critical  velocity,  the  water  in  the  tube  was  in  a  highly 
unstable  condition;  any  considerable  disturbance  in  the  water  causing  the 
break  down  to  occur  at  velocities  much  below  the  highest  that  could  be 
attained  when  the  water  was  at  its  steadiest ;  suggesting  that  if  there  were 
a  critical  velocity  at  which,  for  any  disturbance  whatever,  the  water  became 
stable,  this  velocity  was  much  less  than  that  at  which  it  would  become 
unstable  for  infinitely  small  disturbances ;  or,  in  other  words,  suggesting  that 
there  were  two  critical  values  for  the  velocity  in  the  tube,  the  one  at  which 
steady  motion  changed  into  eddies,  the  other  at  which  eddies  changed  into 
steady  motion. 

Although  the  law  for  the  critical  value  of  the  velocity  had  been  suggested 
by  the  equations  of  motion,  it  was,  as  already  explained,  only  at  the 
beginning  of  this  year  that  I  succeeded  in  dealing  with  these  equations  so 
as  to  obtain  any  theoretical  explanation  of  the  dual  criteria ;  but  having  at 
last  found  this,  it  became  clear  to  me  that,  if  in  a  tube  of  sufficient  length 
the  water  were  at  first  admitted  in  a  high  state  of  disturbance,  then  as  the 
water  proceeded  along  the  tube,  the  disturbance  would  settle  down  into  a 
steady  condition,  which  condition  would  be  one  of  eddies  or  steady  motion, 
according  to  whether  the  velocity  was  above  or  below  what  may  be  called  the 
real  critical  value. 

The  necessity  of  initial  disturbance  precluded  the  method  of  colour  band.s, 
so  that  the  only  method  left  was  to  measure  the  resistance  at  the  latter 
portion  of  the  tube  in  conjunction  with  the  discharge. 

The  necessary  condition  was  somewhat  difficult  to  obtain.  The  change 
in  the  law  of  resistance  could  only  bo  ascertained  by  a  series  of  experiments"*^ 
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which  had  to  be  carried  out  under  similar  conditions  as  regards  temperature, 
kind  of  water,  and  condition  of  the  pipe ;  and  in  order  that  the  experiments 
might  be  satisfactory,  it  seemed  necessary  that  the  range  of  velocities  should 
!  extend  far  on  each  side  of  the  critical  velocity.  In  order  to  best  ensure 
these  conditions,  it  was  resolved  to  draw  the  water  direct  from  the 
Manchester  main,  using  the  pressure  in  the  main  for  forcing  the  water 
through  the  pipes.  The  experiments  were  conducted  in  the  workshop  in 
Owens  College,  which  offered  considerable  facilities  owing  to  arrangements 
for  supplying  and  measuring  the  water  used  in  experimental  turbines. 


Fig.  17. 
26.     The  apparatus  is  shown  in  Fig.  17. 
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As  the  critical  value  under  consideration  would  be  considerably 
that  found  for  the  change  for  steady  motion  into  eddies,  a  diameter  of 
half  an  inch  (12  millims.)  was  chosen  for  the  larger  pipe,  and  one  quai 
an  inch  for  the  smaller,  such  pipes  being  the  smallest  used  in  the  pre 
experiments. 

The  pipes  (4  and  5)  were  ordinary  lead  gas,  or  water  pipes.  These, 
which,  owing  to  their  construction,  are  very  uniform  in  diameter,  and  when 
new,  present  a  bright  metal  surface  inside,  seemed  well  adapted  for  the 
purpose. 

Pipes  4  (which  was  a  quarter-inch  pipe)  and  5  (which  was  a  half-inch) 
were  16  feet  long,  straightened  by  laying  them  in  a  trough  formed  by  two 
inch  boards  at  right  angles.  This  trough  was  then  fixed  so  that  one  side  of 
the  trough  was  vertical  and  the  other  horizontal,  forming  a  horizontal  ledge 
on  which  the  pipes  could  rest  at  a  distance  of  7  feet  from  the  floor ;  on  the 
outflow  ends  of  the  pipes  cocks  were  fitted  to  control  the  discharge,  and  at 
the  inlet  end  the  pipes  were  connected,  by  means  of  a  T  branch,  with  an 
indiarubber  hose  from  the  main ;  this  connexion  was  purposely  made  in  such 
a  manner  as  to  necessitate  considemble  disturbance  in  the  water  entering 
the  pipes  from  the  hose.  The  hose  was  connected,  by  means  of  a  quarter- 
inch  cock,  with  a  four-inch  branch  from  the  main.  With  this  arrangement 
the  pressure  on  the  inlet  to  the  pipes  was  under  control  of  the  cock  from  the 
main,  and  at  the  same  time  the  discharge  from  the  pipes  was  under  control 
from  the  cocks  on  their  ends. 

This  double  control  was  necessary  owing  to  the  varying  pressure  in  the 
main,  and  after  a  few  preliminary  experiments  a  third  and  more  delicate 
control,  together  with  a  pressure  gauge,  were  added,  so  as  to  enable  the 
observer  to  keep  the  pressure  in  the  hose,  i.e.,  on  the  inlets  to  the  pipes, 
constant  during  the  experiments. 

This  arrangement  was  accomplished  by  two  short  branches  between  the 
hose  and  the  control  cock  from  the  main,  one  of  these  being  furnished  wit^^ 
an  indiarubber  mouthpiece  with  a  screw  clip  upon  it,  so  that  part  ofThe 
water  which  passed  the  cock  might  be  allowed  to  run  to  waste,  the  other 
branch  being  connected  with  the  lower  end  of  a  vertical  glass  tube,  about 
6  millims.  in  diameter  and  30  inches  long,  having  a  bulb  about  2  inches 
diameter  near  its  lower  extremity,  and  being  closed  by  a  similar  bulb  at 
its  top. 

This  arrangement  served  as  a  delicate  pressure  gauge.  The  water 
entering  at  the  lower  end  forced  the  air  from  the  lower  bulb  into  the  upper, 
causing  a  pressure  of  about  30  inches  of  mercury.  Any  further  rise  increased 
this  pressure  by  forcing  the  air  in  the  tubes  into  the  upper  bulb,  and  by  the 
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weight  of  water  in  the  tube.  During  an  experiment  the  screw  clip  was  con- 
tinually adjusted,  so  as  to  keep  the  level  of  the  water  in  the  glass  tube 
between  the  bulbs  constant. 

26.  The  resistance  gauges. — Only  the  last  5  feet  of  the  tube  was  used 
for  measuring  the  resistance,  the  first  10  or  11  feet  being  allowed  for  the 
acquirement  of  a  regular  condition  of  flow. 

It  was  a  matter  of  guessing  that  10  feet  would  be  sufficient  for  this,  but 
since,  compared  with  the  diameter,  this  length  was  double  as  great  for  the 
smaller  tube,  it  was  expected. that  any  insufficiency  would  show  itself  in  a 
greater  irregularity  of  the  results  obtained  with  the  larger  tube,  and  as  no 
such  irregularity  was  noticed  it  appears  to  have  been  sufficient. 

At  distances  of  5  feet  near  the  ends  of  the  pipe,  two  holes  of  about 
1  millim.  were  pierced  into  each  of  the  pipes  for  the  purpose  of  gauging  the 
pressures  at  these  points  of  the  pipes.  As  owing  to  the  rapid  motion  of 
the  water  in  the  pipes  past  these  holes,  any  burr  or  roughness  caused  in 
the  inside  of  the  pipe  in  piercing  these  holes  would  be  apt  to  cause  a 
disturbance  in  the  pressure,  it  was  very  important  that  this  should  be 
avoided.  This  at  first  seemed  difficult,  as  owing  to  the  distance — 5  feet — of 
one  of  the  holes  from  the  end  of  pipes  of  such  small  diameter,  the  removal 
of  a  burr,  which  would  be  certain  to  ensue  on  drilling  the  holes  from  the 
outside,  was  difficult.  This  was  overcome  by  the  simple  expedient  suggested 
by  Mr  Foster  of  drilling  holes  completely  through  the  pipes  and  then  plugging 
the  side  on  which  the  drill  entered.  Trials  were  made,  and  it  was  found  that 
the  burr  thus  caused  was  very  slight. 

Before  drilling  the  holes  short  tubes  had  been  soldered  to  the  pipes,  so 
that  the  holes  communicated  with  these  tubes ;  these  tubes  were  then  con- 
nected with  the  limbs  of  a  siphon  gauge  by  indiarubber  pipes. 

These  gauges  were  about  30  inches  long ;  two  were  used,  the  one  con- 
taining mercury,  the  other  bisulphide  of  carbon. 

These  gauges  were  constructed  by  bending  a  piece  of  glass  tube  into 
a  U  form,  so  that  the  two  limbs  were  parallel  and  at  about  one  inch 
apart. 

Glass  tubes  are  seldom  quite  uniform  in  diameter,  and  there  was  a 
difference  in  the  size  of  the  limbs  of  both  gauges,  the  difference  being  con- 
siderable in  the  case  of  the  bisulphide  of  carbon. 

The  tubes  were  fixed  to  stands  with  carefully  graduated  scales  behind 
them,  so  that  the  height  of  the  mercury  or  carbon  in  each  limb  could  be 
read.     It  had  been  anticipated  that  readings  taken  in  this  way  would  be 
o.  R.    IL  6 


82  ON  THE  MOTION   OF  WATER,   AND  OF  [44 

sufficient.     But  it  turned  out  to  be  desirable  to  read  variations  of  level  of 
the  sinallness  of  j^th  of  an  inch  or  ^th  of  a  millimetre. 

A  species  of  cathetometer  was  used.  This  had  been  constructed  for  my 
experiments  on  Thermal  Transpiration,  and  would  read  the  position  of  the 
division  surface  of  two  fluids  to  loiooth  inch  (page  258,  Vol.  i.). 

The  water  was  carefully  brought  into  direct  connexion  with  the  fluid  in 
the  gauge,  the  indiarubber  connexions  facilitating  the  removal  of  all  air. 

27.  Means  adopted  in  measuring  the  discharge, — For  many  reasons  it 
was  very  desirable  to  measure  the  rate  of  discharge  in  as  short  a  time  as 
possible. 

For  this  purpose  a  species  of  orifice  or  weir  gauge  was  constructed, 
consisting  of  a  vertical  tin  cylinder  two  feet  deep,  having  a  flat  bottom, 
being  open  at  the  top,  with  a  diaphragm  consisting  of  many  thicknesses  of 
fine  wire  gauze  about  two  inches  from  the  bottom ;  a  tube  connected  the 
bottom  with  a  vertical  glass  tube,  the  height  of  water  in  which  showed  the 
pressure  of  water  on  the  bottom  of  the  gauze ;  behind  this  tube  was  a  scale 
divided  so  that  the  divisions  were  as  the  square  roots  of  the  height.  Through 
the  thin  tin  bottom  were  drilled  six  holes,  one  an  eighth  of  an  inch  diameter, 
one  a  quarter  of  an  inch,  and  four  of  half  an  inch. 

These  holes  were  closed  by  corks  so  that  any  one  or  any  combination 
could  be  used. 

The  combinations  used  were  : 

Gauge  No.  1.  The  J  inch  hole  alone. 

No.  2.  The  \  inch  hole  alone. 

No.  3.  A  ^  inch  hole  alone. 

No.  4.  Two  ^  inch  holes. 

No.  5.  Four  ^  inch  holes. 

According  to  experience,  the  velocity  with  which  water  flows  from  a  still 
vessel  through  a  round  hole  in  a  thin  horizontal  plate  is  very  nearly  propor- 
tional to  the  area  of  the  hole  and  the  square  rout  of  the  pressure,  so  that 
with  any  particular  hole  the  relative  quantities  of  water  discharged  would  be 
read  ofl"  at  the  variable  height  gauge.  The  accuracy  of  the  gauge,  as  well 
as  the  absolute  values  of  the  readings,  was  checked  by  comparing  the 
readings  on  the  gauge  with  the  time  taken  to  fill  vessels  of  known  capacity. 
In  this  way  coefficients  for  each  one  of  the  combinations  1,  2,  3,  4,  5  were 
obtained  as  follows : — 
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No.  of  Gauge 

^S^^'   ^- 

Quantity 

Coefficient 

Logarithmic 
coefficient 

Gauge  No.  1 
ib. 
No.  2 

ib. 
No.  3 
No.  4 
No.  5 

19-56 

5-3 

15-3  fuU 
15 
15 
15 

Seconds 
61 
59 
54 

360 

178 

90 

CO. 

1160 
1160 
1160 

A 

A 

A 

A 

1           -966 

4-055 

4-055 

16-220 

32-440 

64-880 

T-986 
•608 

1-210 
1-511 
1-812 

From  this  table  it  will  be  seen  that  the  absolute  values  of  the  coeflScients 
were  obtained  from  experiments  on  the  gauges  No.  1  and  No.  2,  the  co- 
efficients for  the  gauges  3,  4,  and  5  being  determined  by  comparison  of  the 
times  taken  to  fill  a  vessel  of  unknown  capacity,  which  stands  in  the  Table 
as  A,  The  relative  value  of  these  coefficients  came  out  sensibly  proportional 
to  the  squares  of  the  diameters  of  the  apertures. 

For  the  smaller  velocities  it  was  found  that  the  gauge  No.  1  was  too 
large,  and  in  order  not  to  delay  the  experiment  in  progress,  two  glass  flasks 
were  used:  these  are  distinguished  as  flasks  (1)  and  (2);  their  capacities, 
as  subsequently  determined  with  care,  were  303  and  1160  c.c.  The  dis- 
charge as  measured  by  the  times  taken  to  fill  these  flasks  are  reduced  to 
c.c.  per  second  by  dividing  the  capacities  of  the  flasks  by  the  times. 

28.  The  method  of  carrying  out  the  experiments  was  generally  as 
follows : — My  assistant,  Mr  Foster,  had  charge  of  the  supply  of  water  from 
the  main,  keeping  the  water  in  the  pressure  gauge  at  a  fixed  level. 

The  tap  at  the  end  of  the  tube  to  be  experimented  upon  being  closed, 
the  zero  reading  of  the  gauge  was  carefully  marked,  and  the  micrometer 
adjusted  so  that  the  spider  line  was  on  the  division  of  water  and  fluid  in 
the  left-hand  limb  of  the  gauge.  The  screw  was  then  turned  through  one 
entire  revolution,  which  lowered  the  spider  line  one-fiftieth  of  an  inch ;  the 
tap  at  the  end  of  the  pipe  was  then  adjusted  until  the  fluid  in  the  gauge 
came  down  to  the  spider  line;  having  found  that  it  was  steady  there,  the 
discharge  was  measured. 

This  having  been  done,  the  spider  line  was  lowered  by  another  complete 
revolution  of  the  screw,  the  tap  again  adjusted,  and  so  on,  for  about  20 
readings,  which  meant  about  half  an  inch  difference  in  the  gauge.  Then 
the  readings  were  taken  for  every  five  turns  of  the  screw  until  the  limit  of 
the  range,  about  2  inches,  was  reached.     After  this,  readings  were  taken  by 
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simple  observation  of  the  scale  attached  to  the  gauge.  In  taking  these 
readings  the  best  plan  was  to  read  the  position  of  the  mercury  or  carbon 
in  both  limbs  of  the  gauge,  but  this  was  not  always  done,  some  of  the 
readings  entered  in  the  notes  referred  to  one  or  other  limb  of  the  gauge, 
care  having  been  taken  to  indicate  which. 

In  the  Tables  III.,  IV.,  and  V.  of  results  appended,  the  noted  readings 
are  given  and  the  letters  r,  /,  and  6  signify  whether  the  reading  was  on  the 
right  or  left  limb,  or  the  sum  of  the  readings  on  both  limbs. 

The  readings  marked  /  and  r  are  reduced  by  the  correction  for  the 
difference  in  the  size  of  the  limbs  as  well  as  the  coefficient  for  the  particular 
fluid  in  the  gauge. 

Thus  it  was  found  with  the  mercury  tube  that  when  the  left  limb  had 
moved  through  39  divisions  on  the  scale  the  right  had  moved  through  41, 
so  that  to  obtain  the  sum  of  these  readings,  the  readings  on  the  left,  or 
those  marked  I,  had  to  be  multiplied  by  2*05,  and  those  on  the  right  by 
1-95. 

With  the  bisulphide  of  carbon  gauge,  11  divisions  on  the  left  caused  9 
on  the  right,  so  that  the  correction  for  the  reading  on  the  left  was  1*8  and 
on  the  right  2*2. 

29.  Compai^ison  of  the  pressure  gauges, — The  pressures  as  marked  by 
the  gauges  were  reduced  to  the  same  standard  by  comparing  the  gauges; 
thus  •25  of  the  left  limb  of  the  mercury  corresponded  with  24  inches  on 
both  limbs  of  the  bisulphide.  Therefore  to  reduce  the  readings  of  the 
bisulphide  of  carbon  to  the  same  scale  as  those  of  the  mercury  they  were 
multiplied  by 

•25  X  20-5 


24 


=  00213. 


This  brought  the  readings  of  pressure  to  the  same  standard,  i.e.,  y^^th  of 
an  inch  of  mercury,  but  these  were  further  reduced  by  the  factor  000032  to 
bring  them  to  metres  of  water. 

As  it  was  convenient  for  the  sake  of  comparison  to  obtain  the  differences 
of  pressure  per  unit  length  of  the  pipe,  the  pressures  in  metres  of  water 
have  been  divided  by  1*524,  the  length  in  metres  between  the  gauge  holes, 
and  these  reductions  are  included  in  the  tables  of  results  in  the  column 
headed  i. 

From  the  discharges,  as  measured  by  the  various  gauges,  reduced  to 
cubic  centimetres,  the  mean  velocity  of  the  water  was  found  by  dividing 
by  the  area  of  the  section  of  the  pipe. 
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30.  Sections  and  diavieters  of  the  pipes. — The  areas  were  obtained  by 
carefully  measuring  the  diameters  by  means  of  fitting  brass  plugs  into  the 
pipes,  and  then  measuriBg  the  plugs.  In  this  way  the  diameters  were 
found  to  be — 

Diameter,  No.  4  pipe,  -242  inch,  61 5  milliras. 

„  No.  5  pipe,  -498  inch,  127  millims. 

These  gave  the  areas  of  the  sections — 

Section,  No.  4  pipe,  29*7  square  milliras. 

„         No.  5  pipe,  125  square  millims. 

The  discharge  in  cubic  centimetres,  divided  by  the  area  of  section  in 
square  millimetres,  gave  the  mean  velocity  in  metres  per  second,  as  given 
in  the  Tables  III.,  IV.,  and  V. 

The  logarithms  of  i  and  v  are  given  for  the  sake  of  comparison. 

31.  The  temperature, — The  chief  reason  why  the  water  from  the  main 
had  been  used,  was  from  the  necessity  of  having  constant  temperature 
throughout  the  experiments,  and  my  previous  experience  of  the  great 
constancy  of  the  temperature  of  the  water  in  the  mains,  even  over  a  period 
of  some  weeks. 

At  the  commencement  of  the  experiments  the  temperature  of  the  water 
when  flowing  freely  was  found  to  be  5°  C.  or  41°  F.,  and  it  remained  the 
same  throughout  the  experiments.  Nevertheless,  a  fact  which  had  been 
overlooked  caused  the  temperature  in  the  pipes  to  vary  somewhat  and  in  a 
manner  somewhat  difficult  to  determine. 

This  fact,  which  was  not  discovered  until  after  the  experiments  had  been 
reduced,  was  that  the  temperature  of  the  workshop  being  above  that  of  the 
main,  the  water  would  be  warmed  in  flowing  through  the  pipes  to  an  extent 
depending  on  its  flow.  The  possibility  of  this  had  not  been  altogether 
overlooked,  and  an  early  observation  was  made  to  see  if  any  such  warming 
occurred,  but  as  it  was  found  to  be  less  than  half  a  degree  no  further  notice 
was  taken  until  on  reducing  the  results  it  was  found  that  the  velocities 
obtained  with  the  very  smallest  discharges  presented  considerable  discre- 
pancies in  various  experiments ;  this  suggested  the  cause. 

The  discrepancies  were  not  serious  if  explained,  so  that  all  that  was 
necessary  was  to  carefully  repeat  the  experiments  at  the  lower  velocities 
observing  the  temperatures  of  the  effluent  water.  This  was  done,  and 
further  experiments  were  made  (see  Art.  33). 
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32.  The  restUts  of  the  experiments, — A  considerable  number  of  preliminary 
experiments  were  made  until  the  results  showed  a  high  degree  of  consistency. 
Then  a  complete  series  of  experiments  were  made  consecutively  wit^  each 
tube.     The  results  of  these  are  given  in  Tables  III.  and  V. 

33.  The  critical  velocities. — The  determination  of  these,  which  had  been 
the  main  object  of  the  experiments,  was  to  some  extent  accomplished 
directly  during  the  experiments,  for  starting  from  the  very  lowest  velocities, 
it  was  found  that  the  fluid  in  the  differential  gauge  was  at  first  very  steady, 
lowering  steadily  as  the  velocity  was  increased  by  stages,  until  a  certain 
point  was  reached,  when  there  seemed  to  be  something  wrong  with  the 
gauge.  The  fluid  jumped  about,  and  the  smallest  adjustment  of  the  tap 
controlling  the  velocity  sent  the  fluid  in  the  gauge  out  of  the  field  of  the 
microscope.  At  first  this  unsteadiness  always  came  upon  me  as  a  matter  of 
surprise,  but  after  repeating  the  experiments  several  times,  I  learnt  to  know 
exactly  when  to  expect  it.  The  point  at  which  this  unsteadiness  is  noted  is 
marked  in  the  tables. 

It  was  not,  however,  by  the  unsteadiness  of  the  pressure  gauge  that  the 
critical  velocity  was  supposed  to  be  determined,  but  by  comparing  the  ratio 
of  velocities  and  pressures  given  in  the  columns  v  and  i  in  the  tables.  This 
comparison  is  shown  in  diagram  I.  below,  the  values  of  i  being  abscissae  and 
V  ordinates.  It  is  thus  seen  that  for  each  tube  the  points  which  mark  the 
experiments  lie  very  nearly  in  a  straight  line  up  to  definite  points  marked  C, 
at  which  divergence  sets  in  rapidly. 

The  points  at  which  this  divergence  occurs  correspond  with  the  experi- 
ments numbered  6  and  59,  which  are  immediately  above  those  marked 
unsteady. 

Thus  the  change  in  the  law  of  pressure  agrees  with  the  observation  of 
unsteadiness  in  fixing  the  critical  velocities. 
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According  to  my  assumption,  the  straightness  of  the  curves  between  the 
origin  and  the  critical  points  would  depend  on  the  constancy  of  temperature, 
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and  it  was  the  small  divergences  observed  that  suggested  a  variation  of 
temperature  which  had  been  overlooked.  This  variation  was  confirmed  by 
further  experiments,  amongst  which  are  those  contained  in  Table  IV. 
These  showed  that  the  probable  variation  of  the  temperature  was  in  Table 
III.  from  12^0.  to  9'C.  at  the  critical  point,  and  from  12°  C.  to  8^0.  in 
Table  V.,  which  variations  would  account  for  the  small  deviation  from  the 
straight. 

It  only  remained,  then,  to  ascertain  how  far  the  actual  values  of  v^.,  the 
velocity  at  the  critical  points,  corresponded  with  the  ratio  ^  or  -^r . 

For  tube  4  from  the  Table  III. 

D  =  000615  metres, 
Vc  =  0*4426  metres  per  second  at  9°  C, 
at  this  temperature  P  =  '757  (see  p.  73). 

p 
Hence  putting  Be  =  — ^ , 

we  have  Be  =  279  7. 

Again,  for  tube  5,  Table  V.,  at  8°  C. 

D  =  0127, 

Vc  =  -2260, 

P  =  7796, 

whence  Be  =  2720. 

The  diflFerences  in  the  values  of  Be  thus  obtained,  would  be  accounted 
for  by  a  variation  of  a  quarter  of  a  degree  in  temperature,  and  hence  the 
results  are  well  within  the  accuracy  of  the  experiments. 

To  each  critical  velocity,  of  course,  there  corresponds  a  critical  value  of 
the  pressure.     These  are  determined  as  follows. 

The  theoretical  law  of  resistance  for  steady  motion  may  be  expressed  by 

AeLH=:^BePv. 

And  multiplying  both  sides  by  p^ , 

AeDH     „  D 

This  law  holds  up  to  the  critical  velocity,  and  then  the  right-hand 
number  is  unity,  and,  if  Be  has  the  values  just  determined : 
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by  Table  III. 

i;=0516, 

P«=-573, 

i)»=  000,000,232, 

which  give  Ac  =  47,750,000. 

By  Table  V. 

t;  = -00638, 

P«  =  '607, 

D^=  00000205, 

which  give  Ac  =  46,460,000, 

which  values  of  -4  c  differ  by  less  than  by  what  would  be  caused  by  half  a 
degree  of  temperature. 

The  conclusion,  therefore,  that  the  critical  velocity  would  vary  as  ^  is 
abundantly  verified. 

34.  Comparison  with  the  discharges  calculated  by  Poiseuille*8  formula, — 
Poiseuille  experimented  on  capillary  tubes  of  glass  between  *02  and  *1  millim. 
in  diameter,  and  it  is  a  matter  of  no  small  interest  to  find  that  the  formula 
of  discharges  which  he  obtained  from  these  experiments  is  numerically  exact 
for  the  bright  metal  tubes  100  times  as  large. 

Poiseuille*s  formula  is — 

Q  =  18:36-724 (1  +  00336793  T  +  0000220992  T') ^ , 

T  =  temperature  in  degrees  centigrade. 
H  =  pressure  in  millims.  mercury. 
D  =  diameter  in  millims. 
L  =  length  in  millims. 
Q  =  discharge  in  millims.  cubed. 

rutting  I  =  -  y    -  , 

P  =  (1  +  0-336793  T  +  0000220992  T')-\ 
4Q 
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and  changiug  the  units  to  metres  and  cubic  metres  this  formula  may  be 
written 

47700000^1  =  278^1;, 

the  coefficients  corresponding  to  .dc  and  5c- 

The  agreement  of  this  formula  with  the  experimental  results  from  tubes 
4  and  5  is  at  once  evident.  The  actual  and  calculated  discharges  differ  by 
less  than  2  per  cent,  a  difference  which  would  be  more  than  accounted  for  by 
an  error  of  half  a  degree  in  the  temperature. 

35.  Beyond  the  critical  point, — The  tables  show  that,  beyond  the  critical 
point,  the  relation  between  i  and  v  differs  greatly  from  that  of  a  constant 
ratio ;  but  what  the  exact  relation  is,  and  how  far  it  corresponds  in  the  two 
tubes,  is  not  to  be  directly  seen  from  the  tables. 

In  the  curves  (diagram  I.  page  90)  which  result  from  plotting  i  and  i;, 
it  appears  that  after  a  period  of  flatness  the  curves  round  off  into  a  parabolic 
form;  but  whether  they  are  exact  parabolaB,  or  how  far  the  two  curves  are 
similar  with  different  parameters,  is  difficult  to  ascertain  by  any  actual 
comparison  of  the  curves  themselves,  which,  if  plotted  to  a  scale  which  will 
render  the  small  differences  of  pressure  visible,  must  extend  10  feet  at  least. 

36.  The  logarithmic  method, — So  far  the  comparison  of  the  results  has 
been  effected  by  the  natural  numbers,  but  a  far  more  general  and  clearer  com- 
parison is  effected  by  treating  the  logarithms  of  I  and  v. 

This  method  of  treating  such  experimental  results  was  introduced  in  my 
paper  on  Thermal  Transpiration,  page  283,  Vol.  I. 

Instead  of  curves,  of  which  %  and  o  are  the  abscissae  and  ordinates,  log  i 
and  logv  are  taken  for  the  abscissae  and  ordinates,  and  the  curve  so  obtained 
is  the  logarithmic  homologue  of  the  natural  curve. 

The  advantage  of  the  logarithmic  homologues  is  that. the  shape  of  the 
curve  is  made  independent  of  any  constant  parameters,  such  parameters 
affecting  the  position  of  all  points  on  the  logarithmic  homologue  similarly. 
Any  similarities  in  shape  in  the  natural  curves  become  identities  in  shape 
in  the  logarithmic  homologues.  How  admirably  adapted  these  logarithmic 
homologues  are  for  the  purpose  in  hand  is  at  once  seen  from  diagram  II., 
which  contains  the  logarithmic  homologues  of  the  curves  for  both  pipes  4 
and  5. 

A  glance  shows  the  similarity  of  these  curves,  and  also  their  general 
character.     But  it  is  by  tracing  one  of  the  curves,  and  shifting  the  paper 
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rectangularly  until  the  traced  curve  is  superimposed  on  the  other,  that  the 
exact  similarity  is  brought  out.  It  appears  that,  without  turning  the  paper 
at  all,  the  two  curves  almost  absolutely  fit. 
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It  also  appears  that  the  horizontal  and  vertical  components  of  the  shift 
are — 

Horizontal  shift '913 

Vertical  shift -294 


which  are,  within  the  accuracy  of  the  work,  respectively  identical  with  the 


1>         D 
differences  of  the  logarithms  of  ^^  and  -,»  for  the  two  tubes. 


37.  The  genei^al  law  of  resistance  in  pipes. — The  agreement  of  the 
logarithmic  homologues  shows  that  not  only  at  the  critical  velocities,  but 
for  all  velocities  in  these  two  pipes,  pressure  which  renders  {D^/fju^)  i  the  same 
in  both  pipes  corresponds  to  velocities  which  render  (D/fju)  v  the  same  in  both 
pipes.     This  may  be  expressed  in  several  ways.     Thus  if  the  tabular  value 
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of  1  for  each  pipe,  plotted  in  a  scale,  be  multiplied  by  a  number  propor- 
tional to  D^/P*  for  that  particular  pipe,  and  the  values  of  t;  by  a  number 
proportional  to  D/P,  then  the  curves  which  have  these  reduced  values  of  % 
and  V  for  abscissaB  and  ordinates  will  be  identical. 

A  still  more  general  expression  is  that  if 

.•=^(t,) 

expresses  the  relation  between  %  and  v  for  a  pipe  in  which  D=l,r=0,  P=l, 

expresses  the  relation  for  every  pipe  and  every  condition  of  the  water. 

The  determination  of  the  relation  between  circumstances  of  motion  and 
the  physical  condition  of  the  water  in  such  a  general  form  was  not  contem- 
plated when  the  experiments  were  undertaken,  and  must  be  considered  as 
a  result  of  the  method  of  logarithmic  homologues,  which  brought  out  the 
relation  in  such  a  marked  manner  that  it  could  not  be  overlooked  Nor 
is  this  all. 

It  had  formed  no  part  of  my  original  intention  to  re-investigate  the  law 
of  resistance  in  pipes  for  velocities  alcove  the  critical  value,  as  this  is  ground 
which  had  been  very  much  experimented  upon,  and  experiments  seemed  to 
show  that  the  law  was  either  indefinite  or  very  complex — a  conclusion  which 
did  not  seem  inconsistent  with  the  supposition  that  above  this  point  the 
resistance  depended  upon  eddies  which  might  be  somewhat  uncertain  in 
their  action.  But  although  it  was  not  my  intention  to  investigate  laws,  I 
had  made  a  point  of  continuing  the  experiments  through  a  range  of  pressures 
and  velocities  very  much  greater  I  think  than  had  ever  been  attempted  in 
the  same  pipe. 

Thus  it  will  be  noticed  that  in  the  larger  tube  the  pressure  in  the  last 
experiment  is  four  thousand  times  as  large  as  in  the  first.  In  choosing  the 
great  range  of  pressures  I  wished  to  bring  out  what  previous  experiments 
had  led  me  to  expect,  namely,  that  in  the  same  tube  for  sufficiently  small 
pressures  the  pressure  is  proportional  to  the  velocity,  and  for  sufficiently 
great  pressures,  the  pressure  was  proportional  to  the  square  of  the  velocity. 
Had  this  been  the  case  not  only  would  the  lowest  portion  of  the  logarithmic 
homologues  up  to  the  critical  point  have  come  out  straight  lines  inclined 
at  45  degrees,  but  the  final  portion  of  the  curve  would  have  come  out  a 
straight  line  at  half  this  inclination;  or  with  a  slope  of  two  horizontal  to 
one  vertical. 
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The  near  approach  of  the  lower  portions  of  the  curve  to  the  line  at  4ie 
led  me,  as  I  have  already  explained,  to  discover  that  the  temperatures  hir 
risen  at  the  lower  velocities,  and  to  make  a  fresh  set  of  experiments,  some 
of  which  are  given  in  Table  IV.,  in  which,  although  the  temperatures  were 
not  constant,  they  were  sufficiently  diflferent  from  the  previous  ones  to  show 
that  the  discrepancy  in  the  lower  portions  of  the  curves  might  be  attributed 
to  variations  of  temperature,  and  the  agreement  with  the  Hue  of  45°  con- 
sidered as  within  the  limits  of  accuracy  of  experiment. 

When  the  logarithms  of  the  upper  portions  of  the  curve  came  to  be 
plotted,  the  straightness  and  parallelism  of  the  two  lines  was  very  striking. 

There  are  a  few  discrepancies  which  could  not  be  in  any  way  attributed 
to  temperature,  as  with  so  much  water  moving  this  was  very  constant,  but 
on  examination  it  was  seen  that  these  discrepancies  marked  the  changes  of 
the  discharge  gauges.  The  law  of  flow  through  the  orifices  not  having  been 
strictly  as  the  square  roots  of  the  heights,  the  manner  in  which  the  gauges 
had  been  compared  forbade  the  possibility  of  there  being  a  general  error 
from  this  cause ;  the  middle  readings  on  the  gauge  were  correct,  so  that  the 
discrepancies,  which  are  small,  are  mere  local  errors. 

This  left  it  clear  that  whatever  might  be  their  inclination  the  lines 
expressed  the  laws  of  pressures  and  velocities  in  both  tubes,  and  since  the 
lines  are  strictly  parallel,  this  law  was  independent  of  the  diameter  of  the 
tube.  This  point  has  been  very  carefully  examined,  for  it  is  found  that  the 
inclination  of  these  lines  diffei*s  decidedly  from  that  of  2  to  1,  being  1*723 
to  1,  and  so  giving  a  law  of  pressures  through  a  range  1  to  50  of 

This  is  diflferent  from  the  law  propounded  by  any  of  the  previous  experi- 
menters, who  have  adhered  to  the  laws 

i  =  v\ 

or  i  =  Av  +  Bv\ 

That  neither  of  these  laws  would  answer  in  case  of  the  present  experiments 
was  definitely  shown,  for  the  first  of  these  would  have  a  logarithmic  homo- 
logue  inclined  at  2  to  1,  and  the  second  would  have  a  curved  line.  A 
straight  logarithmic  homologue  inclined  at  a  slope  17 23  to  1  means  no 
other  law  than 

I  have  therefore  been  at  some  pains  to  express  the  law  deduced  from  my 
experiments  on  the  uniform  pipes  so  that  it  may  be  convenient  for  application. 
This  law  as  already  expressed  is  simply 


I>  .      .  (Dv\ 
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>f   where  /  is  such  that 

is  the  equation  to  the  curve  which  would  result  from  plotting  the  resistance 
and  velocities  in  a  pipe  of  diameter  1  at  a  temperature  zero. 

The  exact  form  of  /  is  complex,  this  complexity  is  however  confined  to 
the  region  immediately  after  the  critical  point  is  passed. 

Up  to  the  critical  point 

After  the  critical  point  is  passed  the  law  is  complex  until  a  velocity 
which  is  l'325t;c  is  reached.  Then  as  shown  in  the  homologues  the  curve 
assumes  a  simple  character  again, 


that  is,  the  logarithmic  homologue  becomes  a  straight  line  inclined  at  1*723 
to  1. 

Referring  to  the  logarithmic  homologues  (diagram  2,  page  94),  it  will  be 
seen  that  although  the  directions  of  the  two  straight  extremities  of  the  curve 
do  not  meet  in  the  critical  point,  their  intersection  is  at  a  constant  distance 
from  this  point,  which  in  the  logarithmic  curves  is,  both  for  ordinates  and 
abscissse, 

0154. 

These  points  o  are  therefore  given  by 


log  ^'  =  log  ^t"  + 0154 

log^=  log  ^•+0154. 

Therefore  putting 

P'                 P 

log  A  =  log  ^e  + 0-154 
log  B  =  log  B,  +  0154 
and  by  the  values  of  Ag  and  Be  previously  ascertained  (Art.  33,  p.  92), 
log  il  =  7  -831 1 ,        A  =  67,700,000 
log  B  =  2-598,  B  =  396-3 

For  feet  log  A  =  6-28414.      A  =  1.935,000 

log5  =  1-56603.      B=         36-9. 

O.  R.     II. 
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We  thus  have  for  the  equation  to  the  curves  corresponding  to  the  upper 
straight  branches 


A 


PM^yJ 


And  if  n  have  the  value  1  or  1*722  according  as  either  member  of  this 
equation  is  <  or  >  1  the  equation 


BDvY 


is  the  equation  to  a  curve  which  has  for  its  logarithmic  homologue  the  two 
straight  branches  intersecting  in  o,  and  hence  gives  the  law  of  pressures 
and  velocities,  except  those  relating  to  velocities  in  the  neighbourhood  of 
the  critical  point,  and  these  are  seldom  come  across  in  practice. 

Dv 

By  expressing  n  as  a  discontinuous  function  of  Be  -p  the  equation  may 

be  made  to  fit  the  curve  throughout. 

38.  The  effect  of  temperature. — It  should  be  noticed  that  although  the 
range  is  comparatively  small,  still  the  displacement  of  the  critical  point  in 
Tables  III.  and  IV.  is  distinctly  marked.  The  temperatures  were  respectively 
r  C,  5°  C. 

At  9°  log  P-^  =  012093 
At  5°  log  P-^  =  0-06963 
Difference        =    '05130 

This  should  be  the  differences  in  the  values  of  log  Vc  in  Tables  III. 
and  IV.  The  actual  difference  is  '062.  Also  the  differences  in  logi^ 
should  be  the  differences  in  P^  or  '10260,  whereas  the  actual  difference 
is    121. 

The  errors  correspond  to  a  diff'erence  of  about  1"  C,  which  is  a  very 
probable  error. 

It  would  be  desirable  to  make  experiments  at  higher  temperature,  but 
there  were  great  difficulties  about  this  which  caused  me,  at  all  events  for 
the  time,  to  defer  the  attempt. 
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Section  IV. 

Application  to  Darcy's  experiments, 

39.  Darcy*s  experiments.  The  law  of  resistance  came  out  so  definitely 
from  my  experiments  that,  although  beyond  my  original  intention,  I  felt 
constrained  to  examine  such  evidence  as  could  be  obtained  of  the  actual 
experimental  results  obtained  by  previous  experimenters. 

The  lower  velocities,  up  to  the  critical  value,  were  found,  as  has  already 
been  shown  (Art.  35),  to  agree  exactly  with  Poiseuille's  formula. 

For  velocities  above  the  critical  values  the  most  important  experiments 
were  those  of  Darcy — approved  by  the  Academy  of  Sciences  and  published 
1845 — on  which  the  formula  in  general  use  has  been  founded.  Notwith- 
standing that  the  formula  as  propounded  by  Darcy  himself  could  not  by 
any  possibility  fit  the  results  which  I  have  obtained,  it  seemed  possible  that 
the  experiments  on  which  he  had  based  his  law  might  fit  my  law.  A  com- 
parison was  therefore  undertaken. 

This  was  comparatively  easy,  as  Darcy's  experimental  results  have  been 
published  in  detail. 

Altogether  he  experimented  on  some  22  pipes,  varying  in  diameter  from 
about  the  size  of  my  largest,  O^OOH  up  to  0"**5.  They  were  treated  in 
several  sets,  according  to  the  material  of  which  they  were  composed — 
wrought-iron  gas-pipes,  lead  pipes,  varnished  iron  pipes,  glass  pipes,  new 
cast-iron  and  old  rusty  pipes. 

The  method  of  experimenting  did  not  differ  from  mine  except  in  scale, 
the  distance  between  Darcy  s  gauge  points  being  SO"*  instead  of  5  feet  in 
my  case.  The  great  length  between  Darcy's  gauge  points  entailed  his 
having  joints  in  his  pipes  between  these  points,  and  the  nature  of  his 
pipes  was  such  as  to  preclude  the  possibility  of  a  very  uniform  diameter. 
His  experiments  appear  to  have  been  made  with  extreme  care  and  very 
faithfully  recorded,  but  the  irregularity  in  the  diameters,  which  appears  to 
have  been  as  much  as  10  per  cent.,  and  the  further  irregularity  of  the  joints, 
preclude  the  possibility  of  the  results  of  his  experiments  following  very 
closely  the  law  for  uniform  pipes.  Another  important  matter  to  which 
Darcy  appears  to  have  paid  but  little  attention  was  temperature.  It  is 
true  that  in  many  instances  he  has  given  the  temperature,  but  he  does 
not  appear  to  have  taken  any  account  of  it  in  his  discussion  of  his  results, 
although  it  varied  as  much  as  20°  C.  in  the  cases  where  he  has  given  it, 
and  as  his  pipes,  300  metres  long,  were  in  the  open  air,  the  effect  of  the 
sun  on  the  pipes  would  have  led  to  still  larger  differences. 

7—2 
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The  effect  of  these  various  causes  on  his  results  may  be  seen,  as  he  took 
the  precaution  to  use  two  pressure  gauges  on  separate  lengths  of  50"  of 
his  pipes,  and  the  records  from  these  two  gauges  by  no  means  always  agree, 
particularly  for  the  lower  velocities.  In  one  case  the  results  are  as  wide 
apart  as  15  to  7,  and  often  10  or  15  per  cent.  In  arriving  at  tabular  values 
for  i  he  has  taken  the  mean  of  the  two  gauges. 

Taking  these  things  into  account,  I  could  not  possibly  expect  any  close 
agreement  with  my  results  ;  still,  as  experiments  on  pipes  of  such  large 
diameters  are  not  likely  to  be  repeated,  at  any  rate  with  anything  like  the 
same  care  and  success,  they  offered  the  only  chance  of  proving  that  ray  law 
was  general. 

40.  Reduction  of  the  experimental  results.  Rejecting  all  the  experi- 
ments on  rusty  and  rough  pipes,  i.e.,  selecting  the  lead,  the  varnished,  the 
glass,  and  new  cast-iron  pipes,  which  ranged  from  half-an-inch  to  twenty 
inches  diameter,  I  had  the  logarithmic  homologues  drawn.  These  are 
shown   on    diagram    3.      In   the   case   of   two    of  the    smaller   pipes  the 
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smallest  velocity  is  well  below  the  critical  point,  and  in  several  of  the  other 
pipes  the  smallest  velocity  is  near  the  critical  velocity.  This  accounts  for 
the  lower  ends  of  the  logarithmic  curves  being  somewhat  twisted ;  for  the 
remainder  of  the  logarithmic  homologues  are  nearly  straight;  some  are 
slightly  bent  one  way  and  some  another,  but  they  are  none  of  them  more 
bent  than  may  be  attributed  to  experimental  inaccuracy. 
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The  inclinations  of  the  upper  ends  of  the  lead  and  bituminous  pipes  is 
1746,  slightly  greater  than  mine ;  but  in  the  cases  of  the  glass  pipes  and  the 
cast-iron  pipes  the  slopes  are  1*82  and  1*92  respectively. 

So  much  appeared  from  the  logarithmic  homologues  themselves,  but  the 
most  important  question  was,  would  the  curves  agree  with  the  results 
calculated  from  the  formula 


-?.'-(4')"^ 


^^0  =  - 


41.  Comparison  with  the  law  of  resistance.  In  applying  this  test  I  was 
at  first  somewhat  at  a  loss  on  account  in  some  cases  of  the  want  of  any 
record  of  the  temperature,  and  the  doubt  as  to  such  temperatures  as  had 
been  recorded  being  the  temperature  of  the  water  in  the  pipes  between 
the  gauges. 

The  dates  at  which  the  experiments  were  made  to  a  certain  extent 
supplied  the  deficiency  of  temperature,  the  temperatures  given  fixing  the 
law  of  temperature,  so  that  the  probable  temperature  could  be  assumed 
where  it  was  not  given. 

Assuming  the  temperature,  the  values  of 

.        P' 
'"'AD'' 

P^ 
BD' 

were  calculated  for  each  tube,  using  the  values  of  A  and  B  as  already 
determined,  logio  and  v^  are  the  co-ordinates  of  0  the  intersection  of  the 
two  straight  branches  of  the  logarithmic  curves,  so  that  the  application  of 
the  formula  to  the  results  was  simply  tested  by  continuing  the  straight 
upper  branches  of  the  logarithmic  homologues  to  see  whether  they  passed 
through  the  corresponding  point  0. 

The  agreement,  which  is  shown  in  diagram  3,  page  100,  is  remarkable. 
There  are  some  discrepancies,  but  nothing  which  may  not  be  explained  by 
inaccuracies,  particularly  inaccuracies  of  temperature. 

42.  The  effect  of  the  temperature  above  the  critical  point — It  is  a  fact  of 
striking  significance,  physical  as  well  as  practical,  that  while  the  temperature 
of  the  fluid  has  such  an  effect  at  the  lower  velocities  that,  casteris  paribus, 
the  discharge  will  be  double  at  45°  C.  what  it  is  at  5°  C,  so  little  is  the 
effect  at  the  higher  velocities  that  neither  Darcy  nor  any  other  experimenter 
seems  to  have  perceived  any  effect  at  all. 

In  my  experiments  the  temperature  was  constant,  5°  C.  at  the  higher 
velocities,  so  that  I  had  no  cause  to  raise  this  point  till  I  came  to  Darcy's 
result,  and  then,  after  perplexing  myself  considerably  to  make  out  what  the 
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temperatures  were,  I  noticed  the  effect  of  the  temperature  is  to  shifk  the 
curves  2  horizontal  to  1  vertical,  which  corresponds  with  a  slope  of  2  to  1, 
and  so  nearly  corresponds  with  the  direction  of  the  curves  at  higher  velocities 
that  variations  of  5°  or  10°  C.  produce  no  sensible  effect;  or,  in  other  words, 
the  law  of  resistance  at  the  higher  velocity  is  sensibly  independent  of  the 
temperature,  i.e.,  of  the  viscosity. 

Thus  not  only  does  the  critical  velocity  at  which  eddies  come  in,  diminish 
with  the  viscosity,  but  the  resistance  after  the  eddies  are  established  is 
nearly,  if  not  quite,  independent  of  the  viscosity. 

43.  The  inclinations  of  the  logarithmic  curves, — Although  the  general 
agreement  of  the  logarithmic  homologues  completely  establishes  the  relations 
between  the  diameters  of  the  pipes,  the  pressures,  and  velocities,  for  each  of 
the  four  classes  of  pipes  tried,  viz.,  the  lead,  the  varnished  pipes,  the  glass 
pipes,  and  the  cast-iron,  there  are  certain  differences  in  the  laws  connecting 
the  pressures  and  velocity  in  the  pipes  of  different  material.  In  the 
logarithmic  curves  this  is  very  clearly  shown  as  a  slight  but  definite  differ- 
ence between  the  inclination  of  the  logarithmic  homologues  for  the  higher 
velocities. 

The  variety  of  the  pipes  tried  reduces  the  possible  causes  of  this  difference 
to  a  small  compass.  It  cannot  be  due  to  any  difference  in  diameters,  as  at  least 
three  pipes  of  widely  different  diameters  belong  to  each  slope.  It  is  not  due 
to  temperature.  This  reduces  the  cause  for  the  different  values  of  n  to  the 
irregularity  in  the  pipes  owing  to  joints  and  other  causes,  and  the  nature  of 
the  surfaces. 

The  effect  of  the  joints  on  the  values  of  7i  seems  to  be  proved  by  the  fact 
that  Darcy  s  throe  lead  pipes  gave  slightly  different  values  for  n,  while  my 
two  pipes  without  joints  gave  exactly  the  same  value,  which  is  slightly  less 
than  that  obtained  from  Darcy 's  experiments. 

Darcy  s  pipes  were  all  of  them  uneven  between  the  gauge  points,  the 
glass  and  the  iron  varying  as  much  as  20  per  cent,  in  section.  The  lead 
were  by  far  the  most  uniform,  so  that  it  is  not  impossible  that  the  differences 
in  the  values  of  n  may  be  due  to  this  unevenness. 

But  the  number  of  joints  and  unevenness  of  the  tarred  pipes  corresponded 
very  nearly  with  the  new  cast-iron,  and  between  these  there  is  a  very  decided 
difference  in  the  value  of  n.  This  must  be  attributed  to  the  roughness  of 
the  cast-iron  surface. 

44.     Description  of  Diagram  3. 

Diagram  3. — In  this  diagram  the  experiments  of  Poiseuille  and  Darcy 
are  brought  into  comparison  with  those  of  the  present  investigation. 
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In  consequence  of  the  number  of  lines,  the  general  aspect  of  the  diagram 
is  somewhat  confused,  but  such  confusion  vanishes  so  soon  as  it  is  clearly 
perceived  that  each  line  of  dots  indicates  the  logarithmic  homologue  for 
some  particular  pipe  as  determined  by  experiment,  reduced  and  plotted 
in  exactly  the  same  manner  as  for  diagram  2,  page  94 ;  DD  and  EE  being 
exact  repetitions  of  the  logarithmic  homologue  for  pipes  4  and  5,  on  a 
somewhat  smaller  scale. 

It  is  at  once  apparent  from  diagram  3  how,  for  the  most  part,  the 
experiments  have  been  well  below  or  well  above  the  critical  values.  In  the 
small  pipes  of  Poiseuille  the  velocities  were  below  the  critical  values,  and 
hence  lie  in  straight  lines  inclined  at  45°. 

The  smallest  pipe  on  which  Poiseuille  experimented  had  a  diameter  of 
0014  millim. ;  only  one  experiment,  marked  A,  is  shown  in  the  diagram,  as 
the  remaining  three  extended  outside  the  range  of  the  plate.  They  fall 
exactly  on  the  dotted  line  through  A,  and  do  not  reach  the  critical  value. 

The  same  is  true  of  all  the  rest  of  Poiseuille's  experiments,  except  those 
made  on  a  much  larger  pipe,  diameter  0*65  millim.,  hence  it  is  thought 
sufficient  to  plot  only  one,  namely  BB, 

CC  shows  the  experimental  results  obtained  with  the  pipe  065  millim. 
diameter,  and  these  reach  the  critical  value  as  given  by  the  formula,  and 
then  diverge  from  the  line. 

It  is  important  to  notice,  however,  that  the  points  are  not  taken  directly 
from  Poiseuille's  experiments,  which  have  been  subjected  to  a  correction 
rendered  necessary  by  the  fact  that  Poiseuille  did  not  measure  the  resistance 
by  ascertaining  the  pressure  at  two  points  in  the  pipe,  but  by  ascertaining 
the  pressure  in  the  vessels  from  which  and  into  which  the  water  flowed 
through  the  pipe,  so  that  his  resistance  includes,  besides  the  resistance  of 
the  pipe,  the  pressure  necessary  to  impart  the  initial  velocity  to  the  water. 
This  fact,  which  appears  to  have  been  entirely  overlooked,  had  a  very 
important  influence  on  many  of  Poiseuille's  results.  Poiseuille  endeavoured 
to  ascertain  what  was  the  limit  to  the  application  of  his  law,  and,  with  the 
exception  of  his  smallest  tubes,  succeeded  in  attaining  velocities  at  which 
the  results  were  no  longer  in  accordance  with  his  law. 

When  I  first  examined  his  experiments  I  expected  to  find  these  limiting 
velocities  above  the  critical  velocities  as  given  by  my  formula.  In  all 
cases,  however,  they  were  very  much  below,  and  it  was  then  I  came  to 
see  that  Poiseuille  had  taken  no  account  of  the  pressure  necessary  to  start 
the  fluid. 

It  then  became  interesting  to  see  how  far  the  deviations  were  to  be 
explained  in  this  way. 
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In  pipes  of  sensible  size  the  pressure  necessary  to  start  the  fluid  lies 
between 

^  and  1-505  —  , 

^g  ^g 

according  to  whether  the  mouthpiece  is  trumpet-shaped  or  cylindrical. 
Poiseuille  states  that  he  was  careful  to  keep  both  ends  of  his  pipe  cylindrical, 
hence  according  to  the  law  mouthpieces  of  sensible  size,  the  pressures  which 

he  gives  should  be  corrected  by  1'505  -^  . 

This  correction  was  made,  and  it  was  then  found  that  with  all  the  smaller 
tubes  Poiseuille's  law  held  throughout  his  experiments,  and  with  the  larger 
pipe  it  held  up  to  the  critical  value  and  then  diverged  in  exact  accordance 
with  my  formula,  as  shown  by  the  line  CC. 

Darcy's  experiments  in  the  case  of  three  tubes  F,  0,  /,  fall  below  the 
critical  value,  and  in  all  these  cases  agree  very  well  with  the  theoretical 
curve  as  regards  both  branches. 

This,  however,  must  be  looked  upon  as  accidental,  as  at  the  lower 
velocities  Darcy  had  clearly  reached  the  limit  of  sensitiveness  of  his  pressure 
gauges ;  thus,  for  instance,  the  experiment  close  by  the  letter  F  is  the  mean 
of  two  readings  which  are  respectively  7  and  15;  there  is  a  tendency  through- 
out the  entire  experiments  to  irregularity  in  the  lower  readings,  which  may 
be  attributed  to  the  same  cause,  and  this  seems  to  explain  the  somewhat 
common  deviation  of  the  one  or  two  lower  experiments  from  the  line  given 
by  the  middle  dots. 

A  somewhat  similar  cause  will  explain  cases  of  deviation  in  the  one 
or  two  upper  experiments,  for  the  discrepancy  in  the  two  gauges  here  again 
becomes  considerable. 

For  these  reasons  the  intermediate  experiments  were  chiefly  considered 
in  determining  the  slopes  of  the  theoretical  lines. 

These  slopes  were  obtained  as  the  mean  of  each  class  of  tubes  : — 

Lead  jointed 1'79 

Varnished 1-82 

Glass 1-79 

New  cast-iron  1-88 

Incrusted  pipe 2* 

Cleaned  pipe    1-91 
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and  then  in  the  cases  in  which  the  temperature  was  given,  /,  /,  i,  My  N,  the 
points  0  having  been  determined  by  the  formulae  : 

Log  to  =  2  log  P  -  3  log  D  -  7-851 

Log  Wo  =     logP-     log  2) -2-598 

the  lines  having  the  respective  slopes  were  drawn  through  these  points,  and 
in  all  cases  agreed  closely  with  the  experiments. 

In  the  cases  where  the  temperature  was  not  given,  the  values  of  log  i©  and 
log  Vo  were  calculated  for  5°  C,  these  are  shown  along  the  line  marked  "  line 
of  intersections  at  5°,"  through  these  points  lines  are  shown  drawn  at  an 
inclination  of  2  to  1,  which  are  the  lines  on  which  0  would  lie  whatever 
might  be  the  temperature.  These  with  the  respective  slope  lines  were  drawn 
so  as  most  nearly  to  agree  with  the  experiments,  these  intersect  the  lines  at 
2  to  1  in  the  points  0  which  indicate  the  temperatures,  and  considering  the 
extremely  small  effect  of  the  temperature  these  are  all  very  probable 
temperatures  with  the  exception  of  0,  H,  and  S,  in  which  cases  0  is  above 
the  line  for  5°  C.  This  indicates  strongly  that  in  these  cases  there  must 
have  been  a  small  error,  2  or  3  per  cent.,  in  determining  the  eflFective 
diameter  of  the  pipes. 

It  seemed  very  probable  that  roughness  in  the  pipes,  such  as  might  arise 
from  incrustation  or  badly  formed  joints,  would  atfect  the  logarithmic 
homologues,  and  for  this  reason  only  the  smoother  classes  of  pipes  were 
treated ;  but  with  a  view  to  test  this  idea,  the  homologues  Q  and  R,  which 
related  to  the  same  incrusted  pipe  before  and  after  being  cleaned  were 
drawn,  and  their  agreement  is  such  as  to  show  that  for  such  pipe  the  effect  of 
incrustation  is  confined  to  the  effect  on  the  diameter  of  the  pipe,  and  on  the 
value  of  n  which  it  raises  to  2.  This,  however,  was  a  large  pipe,  and  the 
velocities  a  long  way  above  the  critical  velocity,  so  that  it  is  quite  possible 
that  the  same  incrustation  in  a  smaller  pipe  would  have  produced  a  some- 
what different  eflPect. 

The  general  result  of  this  diagram  is  to  show  that  throughout  the  entire 
range — from  pipes  of  0-'"000014  to  0-"*5  in  diameter,  and  from  slopes  of 
pressure  ranging  from  1  to  700,000 — there  is  not  a  diflFerence  of  more  than 
10  per  cent,  in  the  experimental  and  calculated  velocities,  and,  with  very  few 
exceptions,  the  agreement  is  within  2  or  3  per  cent.,  and  it  does  not  appear 
that  there  is  any  systematic  deviation  whatever. 


45. 


THE  TRANSMISSION   OF  ENERGY. 

"  Cantor  Lectures  delivered  before  the  Society  of  Arts  in  1883," 

I. 

(Delivered  April  23,  1883.) 

Some  few  days  ago,  during  a  conversation  with  a  friend,  I  remarked  that 
I  was  going  to  give  some  lectures  at  the  Society  of  Arts  upon  the  trans- 
mission of  energy,  whereupon  my  friend  inquired,  '*  Is  that  the  transmission 
of  energy  by  electricity?"  To  this  I  replied,  "No."  The  fact  is  that  we 
have  heard  so  much  about  electricity  that  I  began  to  think  it  was  time  to 
recall  attention  to  the  fact  that  there  are  other  means  of  performing 
mechanical  operations. 

I  am  not  sure  whether,  during  the  various  lectures  which  have  been  given 
in  this  room  on  electricity,  the  actual  term,  ti-ansmission  of  energy,  has  been 
used.  But  whether  it  has  or  not,  some  of  the  leading  ideas  connected  with 
it  have  been  before  you. 

I  think  it  may  be  said  that  the  great  interest  which  the  public  has  mani- 
fested in  the  recent  advance  in  the  arts  relating  to  electricity  has  arisen,  in 
a  large  measure,  from  the  ciy  of  joy  with  which  Faure's  battery  was  received. 
A  cry  which  said,  in  so  many  words,  "  Here  we  have  at  last  a  means  of 
utilising  our  waterfalls  and  natural  sources  of  power  in  a  way  that  may 
relieve  us  of  all  the  anxiety  about  our  coal-fields."  To  those  who  had  studied 
the  subject  it  was  evident  at  the  time  that  this  cry  was  premature.  And 
to  some  of  us,  at  all  events,  it  seems  to  be  a  mistake  to  encourage  false 
hopes,  or,  rather,  knowingly  to  base  hopes  on  a  false  foundation,  to  hold  out 
as  a  means  of  replacing  our  coal  what  was,  in  all  probability,  only  another 
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meaDs  of  increasing  its  rate  of  consumption,  for  every  step  in  art  which 
facilitates  the  application  of  power  must  increase  the  demand  on  the  acting 
sources. 

But  this  is  not  all ;  the  exaggerated  claim  set  up  for  electricity,  diverted, 
for  a  time  at  all  events,  attention  from  the  true  claim,  which  would  have 
been  sufficient  in  itself  had  it  not  thus  been  put  out  of  sight.  It  is  not  our 
object  at  present  to  save  our  coal,  but  to  turn  it  to  the  best  advantage,  to  get 
the  greatest  result  we  can,  and  if  Faure's  battery  or  any  subsequent  advance 
in  this  direction  conduces  to  this,  it  is  no  small  matter.  Now,  during  the 
last  ten  or  fifteen  years  an  entirely  new  aspect  has  been  given  to  mechanics 
by  the  general  recognition  of  the  physical  entity  which  we  call  energy,  in 
diflFerent  forms. 

We  recognise  the  one  thing  under  diflFerent  forms  in  the  raised  hammer, 
the  bent  spring,  the  compressed  air,  the  moving  shot,  the  charged  jar,  the 
hot  water  in  the  boiler,  and  the  separate  existence  of  coal,  corn,  or  metals, 
and  oxygen.  We  see  in  the  revolution  of  the  shafts  and  the  travel  of  belts 
in  our  mills,  the  passage  of  water,  steam,  and  air  along  pipes,  the  conveyance 
of  coal,  corn,  and  metals,  and  the  electric  currents,  the  transmission  of  this 
same  thing — energy — from  one  place  to  another;  and  in  all  mechanical 
actions  we  perceive  but  the  change  of  form  of  the  same  thing. 

Taking  this  general  or  energy  point  of  view  we  may  get  rid  of  all  the 
complication  arising  from  special  purpose,  and  recognise  nothing  but  the 
form  of  energy  in  its  source,  the  distance  it  has  to  be  transmitted,  and  the 
special  form  that  must  be  given  to  it  for  its  application.  And  this  view, 
although  not  the  best  in  which  to  study  the  special  purpose  of  mechanics  or 
contrivances,  is  of  great  importance,  inasmuch  as  it  has  revealed  many 
general  laws,  and  many  fundamental  limits  to  the  possibilities  of  extension 
in  certain  directions. 

My  object  in  these  lectures  is  to  direct  your  attention  to  some  of  the 
leading  mechanical  facts  and  limits  revealed  by  this  view. 

There  is  one  general  remark  I  would  wish  to  make,  by  way  of  caution. 
I  hope  nothing  I  may  say  will  be  interpreted  by  any  of  my  hearers  into  a 
prediction  as  to  what  may  happen  in  the  future.  I  have  to  deal  with  facts, 
and  I  shall  try  to  deal  with  nothing  but  facts.  Many  of  these  facts,  or  the 
conclusions  to  be  immediately  drawn  from  them,  may  appear  to  bear  on  the 
possibilities — or,  rather,  the  impossibilities — of  art.  But  in  the  Society  of 
Arts  I  need  not  point  out  that  art  knows  no  limit ;  where  one  way  is  found 
to  be  closed,  it  is  the  function  of  art  to  find  another.  Science  teaches  us 
the  results  that  will  follow  from  a  known  condition  of  things ;  but  there  is 
always  the  unknown  condition,  the  future  effect  of  which  no  science  can 
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predict.  You  must  have  heard  of  the  statement  in  1837,  that  a  steam 
voyage  across  the  Atlantic  was  a  physical  impossibility,  which  was  said  to 
have  been  made  by  Dr  Lardner.  What  Dr  Lardner  really  stated,  accordiDg 
to  his  own  showing,  was  that  such  a  voyage  exceeded  the  then  present 
limits  of  steam-power.  In  this  he  was  within  the  mark,  as  anyone  would 
be  if  he  were  to  say  now  that  conversation  between  England  and  America 
exceeded  the  limit  of  the  power  of  the  telephone.  But  to  use  such  aD 
argument  against  a  proposed  enterprise,  is  to  ignore  the  development  of  art 
to  which  such  an  enterprise  may  lead. 

I  wish  to  do  nothing  of  this  kind,  and  if,  in  following  my  subject,  I  have 
to  point  out  circumstances  which  limit  the  possibilities  of  present  art,  and 
even  seek  to  define  the  limits  thus  imposed,  it  is  in  the  hope  of  concentrating 
the  eflForts  of  art  into  what  may  be  possible  directions,  by  pointing  out  the 
whereabouts  of  such  barriers  as  science  shows  to  be  impassable. 

Although  the  terms  energy  and  power  are  in  continual,  we  might  almost 
say  familiar,  use,  such  use  is  seldom  in  strict  accordance  with  their  scientific 
meaning.  In  many  ways  the  conception  of  energy  has  been  rendered 
popular,  but  a  clear  idea  of  the  relation  of  energy  to  power  is  diflScult. 
This  arises  from  the  extreme  generality  of  the  terms ;  in  any  particular  case 
the  distinction  is  easy.  I  was  going  to  say  that  it  is  easiest  to  express  this 
distinction  by  an  analogy,  but,  as  a  matter  of  fact,  everything  that  seems 
analogous  is  really  an  instance  of  energy.  Power  may  be  considered  to  be 
directed  energy;  and  we  may  liken  many  forms  of  energy  to  an  excited 
mob,  while  the  directed  forms  are  likened  to  a  disciplined  army.  Energy  in 
the  form  of  heat  is  in  the  mob  form ;  while  energy  in  the  form  of  a  bent 
spring,  or  a  raised  weight,  matter  moving  in  one  direction,  or  of  electricity, 
is  in  the  army  form.  In  the  one  case  we  can  bring  the  whole  effect  to  bear 
in  any  direction,  while  in  the  other  case  we  can  only  bring  a  certain  portion 
to  bear,  depending  on  its  concentration.  Out  of  energy  in  the  mob  form  we 
may  extract  a  certain  portion,  depending  on  its  intensity  and  surrounding 
circumstances,  and  it  is  only  this  portion  which  is  available  for  mechanical 
operations. 

Now  energy  in  what  we  may  call  its  natural  sources  has  both  these 
forms.  All  heat  is  in  the  mob  form,  hence  all  the  energy  of  chemical 
separation,  which  can  only  be  developed  by  combustion,  is  in  the  mob  form  ; 
and  this  includes  the  energy  stored  in  the  medium  of  coal.  The  combustion 
of  1  lb.  of  coal  yields  from  ten  to  twelve  million  foot-pounds  of  energy  in 
the  mob  form  of  heat ;  under  no  circumstances  existing  at  present  can  all 
this  be  directed,  nor  have  we  a  right,  as  is  often  done,  to  call  this  the  power 
of  coal.  What  the  exact  possible  power  is  we  do  not  know,  but  probably 
about  four-fifths  of  this,  that  is  to  say,  from  eight  to  ten  million  foot-pounds 
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of  energy  per  pound  of  coal  is  the  extreme  limit  it  can  yield  under  the 
present  conditions  of  temperature  at  the  earth's  surface.  But  before  this 
energy  becomes  power,  it  must  be  directed.  This  direction  is  at  present 
performed  by  the  steam-engine,  which  is  the  best  instrument  art  has  yet 
devised,  but  the  eflBciency  of  which  is  limited  by  the  fact  that  before  the 
very  intense  mob  energy  of  the  fire  is  at  all  directed,  it  has  to  be  allowed  to 
pass  into  the  less  intense  mob  energy  of  hot  water  or  steam.  The  relative 
intensities  of  these  energies  are  something  like  twenty-five  to  nine.  The  very 
first  operation  of  the  steam-engine  is  to  diminish  the  directable  portion  of 
the  energy  of  the  pound  of  coal  from  nine  million  to  three  millions.  In 
addition  to  this  there  are  necessary  wastes  of  directable  energy,  and  a  con- 
siderable expenditure  of  already  directed  energy  in  the  necessary  mechanical 
operations.  The  result  is  that,  as  the  limit,  in  the  very  highest  class  engines 
the  pound  of  coal  yields  about  one  and  a-half  millions  of  foot-pounds ;  in 
what  are  called  "first-class  engines/'  such  as  the  compound  engines  on 
steamboats,  the  pound  of  coal  yields  one  million,  and  in  the  majority  of 
engines,  about  five  or  six  hundred  thousand  foot-pounds.  These  quantities 
have  been  largely  increased  during  the  last  few  years;  as  far  as  science 
can  predict,  they  are  open  to  a  further  increase.  In  the  steam-engine  art  is 
limited  to  its  three  million  foot-pounds  per  pound  of  coal ;  but  gas-engines 
have  already  made  a  new  departure,  and  there  seems  no  reason  why  art 
should  stop  short  of  a  large  portion  of  the  nine  millions. 

Other  important  natural  sources  of  mechanical  powers  are  energy  in  an 
already  directed  or  army  form,  wind  and  water  power.  Here  the  power  needs 
no  development,  but  merely  transmission  and  adaptation,  and  hence  it  has 
one  important  advantage  over  the  energy  of  chemical  separation.  These 
have  both  been,  and  are,  good  servants  to  man.  But  there  appears  to  be 
what  are  greater  drawbacks — in  the  irregularity  of  these  forces  as  regards 
time,  and  the  distribution  as  regards  space. 

The  application  of  the  power  of  the  wind  to  the  propulsion  of  ships  has, 
doubtless,  influenced  the  economy  of  the  world  more  than  any  other 
mechanical  feat;  and,  not  very  long  ago,  water-power  played  no  relatively 
unimportant  part  of  the  work  of  the  world.  But  it  would  seem  that  both 
these  have  had  their  day,  and  are  now  relegated  to  work  of  a  secondary 
kind.  Some  further  development  of  art  might  however  bring  them  to  a 
foremost  place  again,  by  developing  their  use  to  a  hitherto  unprecedented 
extent.  Hitherto  both  wind  and  water  have  only  had  a  local  application — 
that  is  to  say,  they  were  used  where  and  when  they  were  wanted.  Wind 
was  only  used  in  the  sailing  of  ships  on  voyages,  and  for  mills,  distributed  so 
as  to  be  within  range  of  such  com  as  was  too  far  from  water ;  while  water- 
power,  though  very  valuable  to  a  certain  limited  extent,  when  near  habitable 
country,  was  otherwise  allowed  to  run  to  waste ;  and  these  wastes  included 
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by  far  the  larger  sources  of  this  power — the  larger  rivers  and  water&lls,  the 
tidal  estuaries,  and  last,  but  not  least,  the  waves  of  the  sea,  a  source  which 
has  never  been  utilised  for  good.  A  modern  idea  is,  that  it  needs  nothing 
but  a  possible  development  of  art  to  render  these  larger  sources  not  only 
available  for  power  in  their  immediate  neighbourhood,  but  available  to 
supply  power  wherever  it  is  wanted,  and  so  displace  the  coal,  or  replace  the 
power  as  coal  becomes  exhausted.  The  desirability  of  such  a  result  fully 
explains  the  entertainment  of  the  pleasant  idea ;  but,  unfortunately,  when  we 
come  to  look  closer  into  the  question,  the  probability  of  its  accomplishment 
diminishes  rapidly.  Many  of  the  considerations  of  which  I  shall  have  to 
speak  bear  directly  on  this  question ;  so  that  I  shall  now  defer  its  further 
consideration,  merely  pointing  out  that,  to  accomplish  this  result,  the  power 
must  not  only  be  extracted  from  the  water  on  the  spot  and  at  the  same 
time,  but  it  must  be  transmitted  over  hundreds  or  thousands  of  miles,  and 
must  be  stored  till  it  is  wanted. 

It  may  well  be  thought  that  energy  in  a  directed  form,  or  in  the  army 
form,  may  be  better  transmitted  than  in  the  undirected  or  mob  form.  As  a 
matter  of  fact,  however,  energy  has  never  been  and  never  can  be  transmitted 
as  mechanical  power  in  large  quantities,  over  more  than  trifling  distances, 
say,  as  a  limit,  twenty  or  thirty  miles.  I  say  never  can,  because  such  trans- 
mission depends  on  the  strength  of  material ;  and  unless  there  is  some  other 
material  on  the  earth  of  which  we  know  nothing,  we  know  the  limit  of  this. 
This  is  a  part  of  my  subject  into  which  I  shall  enter  more  closely  in  my 
second  and  third  lectures. 

In  deprecating  the  idea  that  wind  and  water  will  ever  largely  supply  the 
place  of  coal,  I  do  not  for  a  moment  wish  it  to  be  thought  that  I  take  a 
gloomy  view  of  the  mechanical  future  of  the  earth.  This,  I  believe,  admits 
of  immense  development,  and  will  not  for  long  depend,  as  it  does  at  present, 
on  the  adjacency  of  coal-fields.     This  will  be  explained  as  I  proceed. 

It  must  not  be  forgotten  that,  after  all,  the  most  important  source  of 
energy  is  not  coal,  but  corn  and  vegetable  matter.  The  power  developed  in 
the  labour  of  animals  exceeds  the  power  derived  from  all  other  sources, 
including  coal,  in  the  ratio  of,  probably,  20  or  80  to  1 ;  so  that,  after  all,  if 
we  could  find  the  means  of  employing  such  power  for  the  purposes  for 
which  coal  is  specially  employed — such  as  driving  our  ships,  and  working  our 
locomotives — an  increase  of  10  per  cent,  in  the  agricultural  yield  of  the 
earth  would  supply  the  place  of  all  the  coal  burnt  in  engines.  The  energy 
which  may  be  derived  from  the  oxidisation  of  corn  has  as  yet  only  been 
artificially  developed  in  the  form  of  heat,  and  this  may  be  the  only  possible 
way;  but  physiology  has  not  yet  advanced  to  the  point  of  explaining  the 
physical  process  of  the  development  of  energy  consequent  on  the  oxidisation 
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of  the  blood ;  and  it  is  at  all  events  an  open  question  whether  the  energy  of 
com  may  not  be  really  a  form  of  directed  energy,  in  which  case  corn  would 
yield  six  or  eight  times  as  much  energy  as  coal  does  at  present,  consumed  in 
our  engines.  As  consumed  in  animals,  it  yields  a  larger  proportion  of 
energy — two  or  three  times  as  much,  and  may  be  more — whereas  by  burning 
it  in  steam-engines,  we  cannot  get  half  as  much.  Should  we  find  an 
artificial  means  of  developing  anything  like  the  full  directable  power  of 
com — a  problem  which  has  not  yet  been  attempted — coal  would  no  longer 
be  neces-sary  for  power.  I  do  not  mention  this  as  a  prediction,  but  as 
showing  that  there  are,  besides  wind  and  water,  other,  and  as  yet  untried, 
directions  from  which  mechanical  energy  may  be  derived  in  the  future. 

Electricity  is  not  a  natural  source  of  energy,  for  the  simple  reason 
that  the  metals  have  mostly  been  burnt  or  oxidised  during  the  past  history 
of  the  earth.  But  still  it  is  important,  at  this  stage  of  my  lecture,  to  point 
out  that  the  energy  consequent  on  the  separate  existence  of  metals  and 
oxygen  can  be  developed  without  combustion,  in  a  totally  directed  forai,  i.e., 
totally  available  for  power. 

There  are  many  peculiarities  which  distinguish  the  group  of  elementary 
substances  we  call  metals,  but  there  is  no  more  distinctive  feature  than  this. 
This  is  not  a  primary  source  of  power,  but.  as  it  at  present  appears,  it 
promises  to  become  the  most  important  secondary  source.  We  cannot  find 
metals  existing  in  a  separate  form  but  by  the  use  of  power ;  where  and  when 
it  exists,  we  can  separate  them  from  the  salts,  and  so  store  the  energy  in  a 
form  completely  available  for  power.  The  economical  questions  relating  to 
such  storage  of  energy  will  be  considered  in  their  place  later  in  the  course. 

It  is  not,  however,  only  as  effecting  storage  of  power  that  electricity 
demands  our  attention,  it  also  affords  a  means  of  transmitting  power,  which 
has  long  held  an  important  place  in  art,  and  to  which  all  eyes  have  been 
recently  turned  in  expectation  of  something  new  and  startling. 

Before  considering  the  developments  of  art,  and  the  circumstances  on 
which  their  further  development  depends,  I  shall  turn,  for  a  moment,  to  the 
processes  of  nature.  The  mechanics  of  the  universe,  no  less  than  those 
relating  to  human  art,  depend  on  the  transmission  of  energy.  In  nature 
energy  is  transmitted  in  all  its  forms  and  under  all  circumstances,  both  those 
which  we  can  imitate  in  art,  and  those  we  can  not. 

The  most  important  point  with  regard  to  the  artificial  transmission  of 
energy  is  the  proportion  of  power  spent  in  effecting  the  transmission,  and 
the  circumstances  on  which  this  proportionate  loss  depends.  Is  such  loss 
universal  ?  So  far  as  we  know,  it  is  attendant  in  a  greater  or  less  degree  on 
all  artificial  means  of  transmission,  and  on  all  transmissions  effected   by 
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nature  oq  the  surface  of  the  earth.  If  it  were  not,  this  earth  would  be  no 
place  to  live  upon.  No  motion  would  ever  cease.  As  it  is,  the  winds  and 
waters  are  rapidly  brought  to  rest  by  the  friction  which  they  encounter. 
Currents  of  wind  and  currents  of  water  form  the  principal  means  by  which 
energy  is  transmitted  over  the  surface  of  the  earth.  But  there  are  other 
means  which  experience  less  resistance.  Oscillatory  waves,  those  of  sound, 
are  a  very  efficient  means  of  transmitting  energy.  Sounds  are  not  trans- 
mitted to  an  unlimited  distance,  chiefly  because  by  the  spreading  of  the  wave 
the  sound  becomes  weaker  and  weaker  as  it  proceeds.  It  is  also  destroyed 
by  the  friction  of  the  solid  surface  of  the  earth.  Hence  the  sounds  which 
reach  us  from  bodies  high  up,  as  the  explosion  of  a  meteor,  are  heard  much 
further  than  such  sounds  made  at  the  surface  of  the  earth,  although  there 
are  two  records  of  artillery  having  been  heard  two  hundred  miles.  Owing  to 
such  incidental  destruction  of  sound  we  cannot  say  from  experience  that 
sound  waves  in  air  are  destroyed,  but  from  the  physical  properties  of  gases 
we  know  they  are. 

Waves  on  the  sea  are  another  very  efficient  means  of  transmitting  power, 
a  means  which  may  be  called  nature's  mill.  The  waves  which  take  up  the 
energy  or  power  from  the  wind  in  mid  ocean  travel  onwards,  carrying  this 
energy,  and  experience  such  slight  resistance  that  they  will,  after  travelling 
hundreds  or  thousands  of  miles,  destroy  the  shores  on  which  they  expend 
the  last  of  their  energy.  If  we  could  find  a  means  of  utilising  the  energy 
of  waves,  we  should  not  only  save  our  coal,  but  also  save  our  country  fix)m 
the  waves;  still,  water  waves  experience  resistance  which  we  can  better 
estimate  theoretically  than  practically. 

These  are  the  principal  ways  in  which  energy  is  transmitted  from  one 
part  of  the  earth  to  another.  There  are  others,  such  as  earthquakes,  but 
they  all  show  the  same  thing,  that  power  is  spent  in  the  transmission  of 
energy. 

If  we  look  away  into  interstellar  space,  the  case  is  altered.  Here  we  see 
two  ways  in  which  energy  is  transmitted — heat,  or  light,  and  the  motion  of 
the  heavenly  bodies.  In  neither  of  these  can  we  see  any  direct  evidence  of 
resistance  or  loss  of  power ;  and,  as  judged  by  any  terrestrial  measure,  there 
certainly  is  none.  The  distance  at  which  we  see  stars  is  a  sufficient  proof  of 
the  freedom  with  which  a  wave  of  light  travels ;  while  the  regularity  of  the 
motion  of  the  planetary  bodies  shows  that  they  encounter  no  sensible 
resistance.  Yet,  although  not  directly  perceivable,  there  are  circumstances 
that  strongly  suggest  that  in  both  these  forms,  transmission  of  energy  is 
resisted.  If  space  is  unlimited,  and  there  are  stars  throughout  it,  why  do 
not  we  see  them  at  greater  distances  than  we  do  ?  Under  these  circum- 
stances there  could  be  no  spot  in  the  heavens  at  which  at  a  sufficiently 
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great  distance  there  was  not  a  star,  so  that,  if  the  light  were  not  stopped, 
the  whole  heavens  would  be  one  fiery  envelope  as  bright  as  the  sun. 
This  is  a  question  which  philosophers  have  not  decided.  But  one,  and  the 
favourite,  way  out  of  the  difficulty,  is  to  suppose  that  the  light  does  en- 
counter resistance,  even  in  interstellar  space.  This  is  a  subject  on  which 
your  Chairman  of  Council  has  boldly  launched ;  and  whether  his  hypothesis 
be  right  or  wrong,  it  has  brought  to  the  front  a  very  interesting  subject. 

With  regard  to  the  resistance  encountered  by  the  planetary  bodies, 
our  evidence  is  even  slighter.  A  few  domesticated  comets  seem  to 
diminish  their  speed;  and  it  is  not  so  long  since  we  were  all  on  the 
qui  vive,  by  the  promise  of  the  spectacle  of  an  old  friend,  who  seemed 
to  have  come  earlier  than  he  was  expected,  on  purpose  to  verify  a  pre- 
diction of  plunging  into  the  sun,  but  instead  of  doing  so  he  passed  away 
and  was  pronounced  a  stranger,  to  the  joy  of  the  nervous,  but  some- 
what to  the  discomfiture  of  astronomers. 

The  energy  which  we  derive  from  the  sun  comes  to  us  in  the  form 
of  sunshine,  in  a  highly  directed  but  extremely  scattered  form,  being 
uniformly  distributed  all  over  the  illuminated  disc  of  the  earth.  It  reaches 
the  outer  atmosphere  nearly  in  the  same  condition  as  it  left  the  sun, 
having  traversed  ninety  odd  millions  of  miles  without  any  sensible  ex- 
penditure of  power.  In  the  twenty  or  thirty  miles  of  the  lower  atmo- 
sphere, however,  it  encounters  very  great,  but  variable,  resistance.  Sometimes 
half  of  it,  or  three-quarters  of  it,  may  reach  the  earth's  surface.  This  is 
rare  in  our  country,  and  on  the  average  not  more  than  a  very  small  fraction 
ever  reaches  the  surface. 

When  the  sun  does  shine,  the  sunshine  is  a  form  of  energy  which 
may  be,  and  is,  very  largely  directed  so  as  to  yield  power.  Any  such 
direction  which  may  be  accomplished  by  human  art  is  undertaken  at  an 
enormous  disadvantage,  on  account  of  the  scattered  manner  in  which  the 
energy  reaches  us.  The  sunshine  must  be  collected  before  we  can  make 
any  mechanical  use  of  it. 

In  the  abstract,  there  are  two  methods.  The  one  would  be  to  accu- 
mulate the  energy  of  sunshine  on  a  given  place,  over  a  long  time.  This 
is  nature's  method.  The  energy  on  each  portion  of  the  earth's  surface, 
during  days,  weeks,  the  whole  year,  or  many  years,  is  accumulated  by 
the  growth  of  vegetables.  Corresponding  to  this,  however,  art  has  as  yet 
developed  no  means  whatever.  If  we  don't  use  the  sunshine  as  it  falls, 
energy  is  lost  for  all  mechanical  purposes.  I  say  if  we  don't,  not  that 
we  do  use  it,  but  because  we  can,  and  have  done  so  in  a  small  way. 
By   means   of  a  lens,  or  reflectors,  the  sunshine  which  falls  on  a  certain 

o.  B.  IL  8 


114  THE  TRANSMISSION   OF  ENERGY.  [46 

place  may  be  concentrated  on  to  a  smaller  space,  and  so  be  sufficient  to 
perform  some  mechanical  operation.  In  this  way  small  vapour  engines 
have  been  worked  by  sunshine.  But  the  cost  of  the  apparatus  necessary 
for  such  concentration  is  out  of  all  proportion  to  the  result  accomplished, 
and  shows  the  art  difficulties  must  be  got  over  by  a  new  departure. 
There  is  the  further  consideration  that  sunshine  on  land  is  too  valuable 
for  the  maintenance  of  vital  energy  to  allow  of  its  beisg  devoted  to 
mechanical  purposes. 

As  regards  the  perfectness  of  nature's  method,  so  far  as  I  know,  no 
attempts  have  even  been  made  to  test  this.  It  is  probably  very  wasteful, 
as  are  all  nature's  methods,  but  it  is  effective.  In  the  first  instance,  the 
energy  of  sunshine  is  stored  on  the  spot  where  it  falls,  in  the  tissues, 
but  chiefly  in  the  sap  of  the  grass  and  vegetation.  If  this  is  not  re- 
moved, a  large  portion  of  the  energy  of  the  year's  growth,  that  which 
is  in  the  sap,  is  stored  in  the  seed,  and  the  rest,  although  apparently 
again  scattered  on  the  decay  of  the  tissues,  is  to  some  extent  preserved 
in  the  ground,  and  either  forwards  the  next  year's  crop,  or  takes  the 
permanent  form  of  peat ;  and  our  coal-fields  are  but  evidence  of  the  way 
in  which  the  directable  energy  of  sunshine  has  been  stored  under  cir- 
cumstances where  there  was  no  immediate  purpose  for  which  to  apply  it 
Under  present  circumstances,  however,  this  energy  is  almost  everywhere 
too  valuable  to  admit  of  secular  storage. 

It  is  either  removed  directly  by  nature  s  method,  the  teeth  of  animals, 
or  allowed  to  accumulate  for  a  longer  period,  and  then  removed  by  human 
industry.  The  further  aggregation  of  this  energy  involves  the  transmission 
of  energy  in  a  mechanical  sense,  and  hence  involves  the  expenditure  of 
power.  Nature  works  by  means  of  directly  converting  this  energy  into 
power.  The  plant  accumulates  the  energy  of  sunshine,  the  animal  collects 
and  appropriates  this  energy.  This  collection  is  accomplished  by  the  ex- 
penditure of  power,  which  means  a  redistribution  of  that  portion  of  the 
energy  which  is  capable  of  direction.  The  scheme  of  nature,  therefore,  is 
a  cycle.  The  vegetation  accumulates  the  energy,  as  far  as  time  is  con- 
cerned, leaving  it  in  a  scattered  form,  requiring  power  to  collect  it;  this 
power  is  in  the  grass,  and  only  wants  direction;  this  it  receives  in  the 
animal,  which  again  expends  some  of  the  energy  in  the  operation  of 
collecting.  If  vegetable  energy  be  supplied  to  the  animal  in  a  collected 
form,  then  a  large  portion  of  the  directed  energy  is  available  for  mechanical 
purposes.  And  in  this  way  we  may  form  a  rough  estimate  of  the  directed 
energy  to  be  obtained  from  sunshine  in  this  country.  The  common  agri- 
cultural rule  is  one  horse  or  bullock  to  two  acres,  such  a  horse  pulling 
120  lbs.  at  a  rate  of  36  feet  per  second  for  eight  hours  a  day.  That  is 
a  nominal  horse. 
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We  thus  get  something  like  3,000,000,000  over  and  above  the  energy 
necessary  for  the  energy  spent  in  eating  the  com  and  moving  itself, 
which  we  must  put  down  as  at  least  equal  in  amount.  Taking  only  the 
available  portion,  we  have  the  equivalent  per  acre  of  nearly  three  tons 
of  coal  burnt  in  such  steam-engines  as  exist  at  present.  Now  the 
average  weight  of  the  vegetable  produce  from  one  acre,  taking  the  form 
of  straw  and  com,  would  be  about  two  tons.  So  that,  as  far  as  mechanical 
power  is  concerned,  coal  burnt  in  our  present  steam-engines,  and  com 
and  straw  eaten  by  horses,  yield  about  the  same  energy,  weight  for 
weight. 

The  energy  which  we  derive  from  sunshine  is  scattered  all  over  the 
earth,  and  if  it  is  to  be  utilised  at  any  spot  other  than  that  at  which 
the  sunshine  falls,  it  must  be  transmitted  by  the  expenditure  of  power. 

The  energy  required  for  immediate  operations  of  agriculture  absorbs 
a  large  proportion  of  the  actual  energy  grown.  The  surplus  is  available 
for  purposes  of  art,  and  we  may  say  that  the  primary  object  of  man  has 
been  to  render  this  surplus  as  large  as  possible.  This  is  accomplished, 
in  the  first  instance,  by  applying  the  residue  of  energy  to  eo  ameliorate 
the  conditions  of  agriculture  as  to  increase  the  yield  and  diminish  the 
labour.  In  this  way  the  land  is  levelled,  enclosed,  and  drained ;  buildings 
are  erected,  and  finally,  but  most  important  of  all,  roads  are  made.  The 
effect  of  roads  in  increasing  the  surplus  energy  is  probably  greater  than 
any  other  human  accomplishment.  The  only  means  of  transmitting  for 
purposes  of  collection  or  other  purpose  aggregate  energy  in  the  shape  of 
com,  without  roads,  is  on  the  backs  of  animals.  In  this  way  two  or  three 
hundred  miles  was  the  absolute  limit  to  the  distance  an  animal  could 
proceed,  canying  its  own  food.  On  a  good  road  a  horse  will  draw  a  ton 
of  food  at  twenty  miles  a  day,  which  would  mean  that  it  would  proceed 
800  miles  before  it  had  exhausted  its  supply,  or  whatever  surplus  energy 
there  might  be  available  on  one  spot,  half  this  would  be  available  at  400  miles 
distance.  The  labour  of  maintaining  the  roads  should,  of  course,  be  de- 
ducted, but  this  is  very  small. 

The  labour  of  constructing  canals  is  very  great,  but  the  result  is 
equal ;  a  horse  can  move  800  tons  twenty  miles  a  day ;  or  a  horse  could 
draw  his  own  food  for  80,000  miles  on  a  canal.  That  is  to  say,  with  a 
canal  properly  formed,  a  horse  could  go  five  times  round  the  world  without 
consuming  more  energy  than  was  in  the  boat  behind  it.  Or  com  could  be 
sent  round  the  world  with  a  consumption  of  one-fifth.  On  railways,  at 
low  speeds,  the  force  required  is  about  ten  times  greater  than  on  a  canal, 
so  that  the  expenditure  in  going  round  the  world  would  be  about  equal 
to   the   total  energy  drawn.      If  for  a   moment   we  replace  the   horse   by 
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the  steam-engine,  and  the  com  by  coal,  we  have  to  add  the  weight  of  the 
engine  to  the  coal,  and  diminish  the  efficiency  by  one-third;  we  so  get 
that  the  consumption  of  coal  for  the  same  load  of  coal  as  of  com,  would 
be  about  double,  or  an  engine  would  go  about  one-fourth  round  the  world, 
consuming  in  coal  the  net  weight  in  the  train,  that  is  exclusive  of  carriages 
and  engine.  Or  for  every  thousand  miles  com  is  carried  by  rail,  some- 
thing like  10  per  cent,  of  the  energy  of  the  corn  is  expended  in  draft. 
This  is  exclusive  of  the  expenditure  in  wear  and  repairs,  which  will  be 
certainly  equal,  if  not  greater.  Taking,  then,  the  mean  distance  by  nul 
between  London  and  the  West  of  America,  as  2,000  miles,  the  present 
expenditure  in  the  energy  of  com  in  transit  is  somewhere  about  20  per  cent 
The  expenditure  of  energy  on  the  ocean  varies,  but  if  transported  by  steam 
it  would  be  probably  10  per  cent,  more,  so  that  at  the  present  time  we 
are  actually  receiving  available  mechanical  energy,  transported  in  the  form 
of  com,  over  2,000  miles  of  land  and  3,000  miles  of  sea,  entirely  by 
artificially  directed  power,  with  an  expenditure  of  less  than  20  per  cent. ; 
a  proportion  which  200  years  ago  would  have  had  to  have  been  spent  in 
transmitting  it,  fifty  miles  over  land  ;  a  result  which  has  been  accomplished 
by  the  employment  in  the  meantime  of  the  residual  energy  over  and 
above  that  necessary  for  agriculture,  together  with  a  further  supply  drawn 
from  our  coal  beds. 

Turning  now  our  consideration  to  coal,  we  find  that  per  weight  as  used 
at  present,  this  yields  rather  less  power  than  corn,  but  not  less  than  two- 
thirds,  and  it  then  appears  that  coal  may  be  transmitted  at  the  present  time, 
between  any  two  places  on  the  earth  which  are  connected  by  rail  and  water, 
with  an  expenditure  of  less  than  50  per  cent. 

In  instituting  this  comparison,  the  standard  has  been  the  actual  available 
power,  as  developed  in  our  present  engines  and  in  horses,  with  which,  weight 
for  weight,  there  is  not  much  diflference.  But  the  adaptability  of  this  energy, 
so  developed  for  particular  purposes,  renders  the  one  medium  much  more 
valuable  than  the  other.  Thus  for  agricultural  purposes,  weight  for  weight, 
horse  food  is  worth  in  money  ten  times  as  much  as  coal.  This  shows  the 
extreme  diflference  in  the  value  of  energy  according  to  its  adaptability ;  and 
the  extension,  for  which  there  is  unlimited  scope,  of  the  adaptability  of  steam 
power,  may  render  it  ten  times  as  valuable  as  at  present ;  nor  would  this  be 
any  small  proportion  compared  with  the  total  energy  employed  in  the  work 
of  the  world.  In  this  country  there  are  said  to  be  between  two  and  three 
million  horses,  and  we  may  put  the  labouring  men  down  at  five  millions,  or 
the  total  power  derived  from  corn  as  over  three  million  horses.  From 
the  best  information  going,  the  work  done  by  steam  in  this  country  does  not 
exceed  the  labour  of  two  million  horses,  so  that  more  than  half  the  energy 
is  still  derived  from  corn.     A  greater  proportion  of  the  actual  com  used  for 
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horse  food  comes  across  the  Atlantic ;  and  for  many  years  maize  was  sold 
in  this  country  at  an  average  price  of  £6  or  £7  a  ton,  the  cost  of  transit 
being  a  very  small  matter.  Of  course  the  same  cost,  say  £1  per  ton,  applied 
to  coal  would  be  a  serious  matter,  considering  the  low  price  of  the  latter. 
But  if,  in  the  present  state  of  our  art,  energy  can  be  transmitted  by  com 
from  any  part  of  the  world  to  this  country  with  an  insensible  rise,  there  is 
no  reason  to  suppose  but  that,  with  the  advance  which  science  shows  us, 
there  is  ever)'  reason  to  expect  coal  may  be  transmitted  with  a  corresponding 
small  increase  in  its  cost,  wherever  the  demand  for  it  is  sufficient  to  recom- 
pense the  outlay  necessary  for  opening  the  roads  or  canals. 


II. 

(Delivered  April  30,  1883.) 

In  my  last  lecture  I  dealt  with  the  transmission  of  energy  through  the 
means  of  coal  and  corn,  showing  that  by  either  of  these  means  power  may 
be  transmitted  by  rail,  with  an  expenditure  of  1/1 2,000th  per  mile,  or  by 
water  of  l/120,000th  per  mile,  this  either  through  the  agency  of  horse  or 
steam. 

This  ease  of  transmission,  however,  depends  entirely  on  the  railroad  or 
water,  and  is  only  possible  between  places  so  connected.  Hence  such  means 
are  only  applicable  to  what  may  be  called  the  mains  of  power. 

We  come  to-day  to  consider  other  means  of  transmitting  energy  in 
smaller  quantities  applicable  to  its  distribution  for  immediate  application. 
Such  transmission  is  not  a  matter  of  secondary  importance,  although  the 
distances  over  which  it  is  transmitted  may  be  comparatively  insignificant. 
To  emphasise  this,  I  may  recall  what  was  previously  mentioned,  namely, 
that  the  relative  price  of  com  and  coal  shows  that  the  power  given  out  by 
horses  is  at  least  ten  times  as  valuable  as  that  of  steam,  for  more  than  half 
the  purposes  for  which  energy  is  used ;  or  that  it  answers  better  to  bum 
our  coal  in  bringing  corn  from  America  to  plough  in  England,  than  to  use 
the  coal  here  for  ploughing. 

In  fact,  for  most  of  the  detailed  purposes  for  which  power  is  used,  to 
draw  it  from  a  large  source  (such  as  a  steam-engine),  distribute  it  and 
adapt  it  to  its  purpose,  is  ten  or  twenty  times  more  costly  than  its  trans- 
portation in  large  quantities  over  thousands  of  miles. 

Now  the  means  of  artificially  transmitting  power  may  be  considered  as 
three.     The  power  may  be  stored  in  matter  in  various  ways,  and  the  matter 
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with  the  energy  transported — as,  for  instance,  in  our  watch-springs.  The 
second  means  is  the  transmission  of  power  by  moving  matter,  without 
actually  storing  the  power  in  the  matter — as  in  shafts  and  belts,  hydrauhc 
connection,  &c.  And  the  third  method,  which  is  distinct  from  the  others, 
is  the  transmission  of  energy,  in  the  form  of  heat  or  electricity,  by  the  flow 
of  currents  through  conductors ;  in  this  way  all  the  power  in  the  steam 
passes  through  the  boiler-plates  from  the  furnace  into  the  boiler.  Of  course, 
each  one  of  these  means  includes  an  infinite  variety  of  detailed  contrivances, 
more  or  less  dissimilar.  But  there  is  good  reason  for  classing  them  under 
these  three  heads,  for  all  the  contrivances  under  each  of  these  heads  are 
subject  to  the  same  general  limits,  whether  those  of  eflSciency  or  distance. 

There  is  one  thing  in  common  to  all  these  means  of  transmission,  and 
that  is  that  they  all  involve  a  material  medium.  The  quantity  of  matter 
required  constitutes  a  primary  consideration  in  all  of  them.  This  quantity 
of  matter  is  fixed  by  what  we  may  call  the  properties  of  matter,  one  of  the 
most  important  of  which,  as  regards  the  first  two  means,  is  the  possible 
strength  of  material.  Looking  round,  we  see  the  eflfect  of  the  limited 
strength  of  material  in  all  nature's  works.  Of  course  it  may  be  that  we 
shall  be  able  to  work  with  stronger  materials  than  we  have  at  present. 
Organic  materials,  such  as  the  feathers  and  tissues  of  animals,  are  stronger 
than  steel,  weight  for  weight,  so  that  there  is  a  possibility  of  improvement, 
but  that  man  will  go  beyond  nature  in  constructing  organic  fibre  seems 
improbable,  and  such  possibility  of  improvement  as  exists  may  be  discounted. 
At  present  we  may  set  down  our  strongest  working  material  as  steel,  the 
art  of  working  in  which  is  so  perfect,  that  we  may  calculate  on  nearly  the 
greatest  strength  for  all  purposes.  I  have  taken  fifteen  tons  on  the  square 
inch  as  the  limit  of  safe  working  tension,  in  making  the  estimates  which  I 
shall  now  bring  before  you.  First  of  all,  I  will  ask  your  attention  to  the 
possibilities  of  transporting  power  in  a  stored  form. 

The  question  of  economy  in  the  conveyance  of  energy  in  a  stored  form  is 
simply  one  of  the  intensity  with  which  it  can  be  stored.  If  we  w^ant  to 
carry  energy  about,  we  must  have  it  stored  in  some  material  form — and 
this  material  has  to  be  carried  by  ordinary  means — so  that  the  question  of 
economy  is  simply  the  amount  of  available  energy  that  we  can  store  in  a 
given  amount  of  material. 

If  energy,  stored  in  a  particular  manner,  is  more  readily  available  for 
some  special  purpose  than  that  stored  in  another,  then  it  may,  on  the  whole, 
be  more  economical  to  carry  it  in  that  form.  This  is  abundantly  illustrated 
in  our  watch-springs. 

The  greatest  amount  of  energy  that  can  be  stored  in  a  given  weight  of 
steel  is  very  small,  compared  with  other  means.     To  take  a  familiar  unit,  to 
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store  the  energy  necessary  to  maintain  one  horse-power  for  one  hour  would 
require  no  less  than  fifty  tons  of  steel — that  is  to  say,  fifty  tons  of  steel  in 
the  form  of  watch-springs,  all  fresh  wound-up,  would  not  supply  one  horse- 
power for  one  hour ;  and  yet  this  is  the  commonest  form  in  which  energy  is 
carried  about. 

It  is  the  adaptability  of  the  spring,  and  the  readiness  with  which  energy 
can  be  put  in  and  taken  out,  which  recommend  the  steel  spring. 

India-rubber  will  store  much  more  energy  than  the  same  weight  of  any 
other  material,  say,  eight  or  ten  times  as  much  as  steel ;  but  of  this,  several 
tons  would  be  required  to  store  the  horse-power  for  one  hour.  A  much 
more  capacious  reservoir,  according  to  its  weight,  is  compressed  air.  There 
are  certain  difficulties  in  getting  the  energy  in  and  out  without  loss;  but 
with  air,  compressed  to  four  times  the  pressure  of  the  atmosphere,  we  should 
only  require  about  20  lbs.  of  air  to  yield  the  amount  of  one  horse-power  for 
one  hour.  Of  course,  if  we  were  going  to  carry  this  air  about,  to  the  weight 
of  the  air  would  have  to  be  added  the  weight  of  a  case  to  contain  it,  and 
such  a  case,  in  the  form  of  steel  tubes,  would  weigh  something  like  230 lbs.; 
so  that,  in  any  form  in  which  we  can  carry  compressed  air  about,  we  shall 
have  about  300  lbs.  to  carry  for  each  horse-power  per  hour. 

Another  means  of  storing  energy,  very  largely  used,  is  hot  water.  This 
is  largely  used  in  a  way  not  always  recognised.  The  boiler  serves  another 
purpose  besides  that  of  converting  the  energy  of  the  furnace  into  the  power 
of  the  steam.  It  stores  the  power,  and  equalises  the  stream  between  the 
fire  and  the  engine,  a  function  the  importance  of  which  has  been  brought 
to  the  front  in  the  recent  eflForts  to  apply  electricity  for  communication  of 
power,  where  the  want  of  a  similar  reservoir  between  the  generator  and  the 
motor  has,  in  many  cases,  proved  fatal  to  the  enterprise,  a  want  which 
secondary  batteries  are  now  being  used  to  meet.  Hot  water  has  also  been 
employed  as  an  independent  reservoir,  and  as  such  it  is  better  in  some 
respects  than  compressed  air.  The  fundamental  limits  are  of  much  the 
same  kind.  In  this  case,  however,  the  absolute  limit  is  temperature.  The 
vessel  in  which  the  water  is  carried  must  be  strong  enough  to  withstand 
the  pressure,  and  all  materials  lose  their  strength  as  they  get  hot.  The 
considerations  are  here  much  the  same  as  in  the  steam-engine,  and  400°  Fah. 
appears  to  be  about  the  limit.  At  this  temperature,  for  every  4  lbs.  of  water 
the  cases  would  weigh  1  lb.,  and  there  would  be  no  advantage  of  large  over 
small  cases;  except  as  a  matter  of  construction,  the  proportionate  weight 
would  be  the  same.  The  gross  power  of  a  pound  of  water,  the  steam  being 
used  without  condensation,  is  about  20,000  foot-pounds,  or  we  should  require 
50  lbs.  to  store  1,000,000;  this  is  the  extreme  limit  again.  The  present 
accomplishment  would  be  about  150  lbs.  per  1,000,000  foot-pounds  stored — 
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rather  less  than  compressed  air.  The  only  other  means  of  packing  power, 
that  is  at  present  looked  to,  is  that  of  the  much  talked  about  secondary 
battery.  Here  thiere  is  a  great  deal  of  doubt  as  to  what  is  actually  ac- 
complished; take  the  most  reliable  statements,  from  which  it  seems  that 
in  order  to  get  1,000,000  foot-pounds,  something  like  100  Iba  of  battery 
is  required,  which  will  make  this  means  of  storing  energy  very  much  the 
same  as  compressed  air  or  hot  water. 

It  is  important  to  notice  that  the  initial  cost  of  the  energy  stored  by 
these  means  differs  considerably.  This  cost  is  rather  difficult  to  estimate; 
but  a  practical  estimate  may  be  formed  in  this  way : — 

Taking  the  power,  as  delivered  by  the  steam-engine,  as  1 ,  how  much  of 
this  power  will  be  given  out  after  secondary  storage  ?  Here  the  hot  water 
has  an  advantage,  for  it  is  heated  directly  by  the  coal,  and  is  all  on  its  way 
to  the  steam-engine. 

With  compressed  air,  there  are  three  operations,  each  as  costly  as  the 
steam-engine,  and  at  least  half  the  initial  power  is  spent  during  the  com- 
pression, storage,  and  expansion  ;  so  that  the  energy  is  at  least  double  as 
costly  in  coal,  and  six  times  as  costly  in  machinery.  I  have  put  it  down  as 
three  times  as  costly  as  the  energy  in  hot  water,  but  this  is  considerably 
below  the  mark.  The  electricity  has  also  to  go  through  three  operations, 
and  cannot  be  less  costly  than  compressed  air. 

Now,  if  we  revert  for  one  moment  to  the  consideration  of  the  main 
transmission  of  power,  we  see  at  what  an  immense  disadvantage  any  form  of 
packed  energy  is,  compared  with  coal  or  corn ;  as  at  present  packed  it 
weighs  at  least  100  times  as  much. 

While  the  limits  imposed  by  the  strength  of  material  render  it  certain, 
as  far  as  compressed  air  and  hot  water  are  concerned,  that  the  weight  can 
never  be  reduced  by  more  than  half,  these  limits  are  sufficient  to  show  that 
packed  energy  cannot  be  transported  over  long  distances,  even  if  it  can  be 
obtained  directly  from  such  falls  as  Niagara.  But  this  is  no  argument 
against  the  importance  of  these  means  for  short  distances  and  special 
purposes.  As  I  have  already  pointed  out,  our  watches  show  that  circum- 
stances may  render  the  very  heaviest  means  the  best  for  paiticular  purposes. 
And  if  in  any  of  its  forms  packed  energy  \vcre  directly  available  for  house- 
hold purposes,  though  it  cost  ten  or  twenty  times  as  much  as  power  direct 
from  the  steam-engine,  its  use  would  still  be  assured. 

One  fact  should  be  noticed,  that  in  all  these  forms  the  power  is  packed, 
and  needs  nothing  but  drawing  off,  whereas  corn  or  coal  do  not  contain  the 
power.     The  oxygen  is  an  equally  essential  ingredient.     In  this  fact  lies  the 
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great  advantage  of  com  and  coal  for  transportation.  They  are  really,  so  to 
speak,  but  cheques  for  power,  which  can  be  cashed  at  any  spot  where  a  bank, 
in  the  form  of  a  steam-engine  or  a  horse,  exists.  But,  of  course,  not  being 
energy,  they  are  not  generally  current — in  fact  they  are  worthless,  except 
where  the  bank  exists,  and  even  there  when  they  represent  such  small 
amounts  that  the  banks  refuse  them.  Now  these  forms  of  packed  power  are, 
so  to  speak,  generally  current;  that  is  to  say,  they  are  available  under  almost 
all  circumstances,  and  in  greater  or  less  degrees  of  smallness ;  from  the  very 
smallest,  which  is  the  watch-spring  in  our  pockets,  which  supplies  a  con- 
tinuous stream  of  power  in  less  than  one  ten  thousand  millionth  of  a  horse- 
power ;  or  the  Whitehead  torpedo,  which  carries  some  million  foot-pounds  of 
energy  under  the  sea.  Perhaps  the  most  pressing  purpose  for  which  these 
forms  of  packed  energy  are  wanting  is  that  of  locomotion. 

The  distance  which  a  locomotive  body,  be  it  animal  or  machine,  can 
travel,  loaded  or  free,  is  limited  by  the  ratio  of  the  power  which  it  carries  to 
its  gross  weight.  The  speed  which  it  can  attain  is  limited  by  the  rate  at 
which  it  can  use  its  energy  compared  with  its  weight.  Hence  there  are  two 
particulars  in  which  we  can  compare  the  diflFerent  forms  of  stored  energy  for 
locomotive  purposes. 

Let  us  take  the  horse  and  the  locomotive.  A  full -sized  horse  weighs, 
say,  1,500  lbs.,  and,  at  a  rate  of  2^  miles  an  hour,  will  go  five  hours  without 
food,  doing  about  10,000,000  foot-pounds  of  work,  including  the  work  neces- 
sary to  move  itself;  this  represents  the  largest  result,  or  about  150  lbs. 
per  1,000,000  foot-pounds.  If  the  horse  is  put  to  ten  miles  an  hour,  it  will 
not  do  more  than  1*5  million  foot-pounds  in  a  single  journey,  besides  moving 
itself.  Probably  the  greatest  rate  at  which  a  horse  can  use  its  energy  is 
about  4,000,000  foot-pounds  per  hour,  or  750  lbs.  per  horse-power. 

A  locomotive  with  its  tender,  say,  weighing  sixty  tons,  exerts  500  horse- 
power gross — 270  lbs.  per  horse-power;  so  that  a  first-class  locomotive 
with  tender  is  about  one-fifth  as  heavy  for  its  power  as  the  horse ;  but  then 
the  horse  cannot  go  more  than  ten  miles  an  hour. 

Now,  in  a  general  way,  passenger  locomotives  carry  coal  and  water  for 
eighty  or  one  hundred  miles,  i.e,  two  hours;  or  the  locomotive  already 
mentioned  expends  at  one  run  about  2,000,000,000  foot-pounds;  which 
means  that  the  gross  weight  of  the  locomotive  is  about  60  lbs.  or  70  lbs. 
per  1,000,000  foot-pounds  of  power  with  which  the  locomotive  starts. 

In  thus  taking  the  gross  weight  of  the  horse  or  locomotive,  we  must 
remember  that  this  includes  the  weight  of  carriage  and  machinery,  and  that 
in  whatever  form  the  energy  is  carried,  this  weight  must  be  added.  In  the 
locomotive  the  weight  of  water  and  coal  in  the  tender  for  two  hours'  journey 
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weighs  about  one-quarter  the  gross  load ;  and  if  we  add  the  weight  of  the 
boiler,  we  may  consider  the  carriage  and  machinery  at  one-half  to  one-third 
the  gross  load.  Taking  the  latter,  and  substituting  for  the  boiler,  coal,  and 
water,  energy  in  either  of  the  above  forms,  the  coal,  water,  and  boiler  would 
be  about  40  lbs.  per  1,000,000 :  so  that,  if  we  took  compressed  air  instead, 
we  should  have  one-fourth  the  power ;  or  the  engine  would  run  for  thirty 
minutes  instead  of  two  hours,  a  distance  of  twenty-five  miles  instead  of 
a  hundred.  A  fireless  locomotive  might  do  more  than  this,  say,  thirty-five 
minutes,  or  thirty  miles,  at  the  same  speed  as  the  locomotive.  Faure's 
battery,  if  it  could  be  made  to  work  at  all,  would  carry  the  locomotive  forty- 
eight  minutes,  or  thirty-five  to  forty  miles. 

These  figures  seem  to  show  that  the  locomotive  has  little  to  fear  from 
any  of  these  rivals,  that  is,  under  circumstances  where  the  smoke  and  steam 
are  no  harm,  and  where  a  full-sized  locomotive  is  required.  But  there  are 
already  some  cases  where  the  locomotive  is  required  and  where  the  burning 
of  coal  is  impossible.  Should  the  Channel  Tunnel  be  made,  there  will  be  a 
great  field  for  some  form  of  packed  energy.  As  regards  horses,  however, 
there  is  nothing  to  show  why  the  horse  should  not  be  rivalled  by  some  one  of 
the  forms  of  packed  energy.  There  have  been  inventors  who  have  constructed 
carriages  to  go  by  clockwork.  This  has  now  become  possible,  substituting 
hot  water,  compressed  air,  or  a  battery  for  the  spring,  and  such  means  have 
already  rivalled  the  horse  on  tramways.  The  fact  that  horses  are  at  all  used 
for  tramcars  is  a  matter  of  as  much  surprise  as  that  steam  should  be  used  on 
underground  railways.  For  locomotives  driven  by  compressed  air  might 
certainly  be  made  cheaper  and  better  in  every  way. 

At  the  present  time  it  would  probably  answer  well,  from  a  pecuniary  point 
of  view,  to  supply  in  compressed  air  energy  at  the  rate  of  2d.  or  Sd.  per 
million  foot-pounds,  provided  .a  sufficient  quantity  could  be  required  ;  so  that 
if  simple  and  efficient  means  of  applying  such  energy  to  perform  the  heavier 
part  of  manual  labour  could  be  found,  we  might  get  as  much  power  for  6d, 
as  a  man  will  do  in  a  day  at  2s.  But  it  is  the  means  of  applying  it  that  is 
wanting. 

Even  for  horse  work — except  where  there  is  a  railway  or  tramway — the 
mechanical  means  are  wanting.  We  have  no  mechanical  substitute  for  the 
horse's  foot.  So  that  there  are  more  than  a  million  horses  in  this 
country  continually  engaged  in  the  operations  of  husbandry,  where  they 
work  in  groups  so  as  to  get  three  or  four  horse-power  at  one  operation, 
an  amount  of  power  not  too  small  for  the  direct  application  of  steam  power ; 
and  although  for  twenty-five  years  steam-engine  makers  have  been  doing 
their  very  best  to  adapt  the  power  of  the  steam-engine  to  this  labour,  which 
exceeds   any  other  actual   application   of  power,  the   possibility  of  steam 
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ploughing  with  economy  is  still  a  question.  The  use  of  steam  on  paved  or  on 
macadam  roads  is  much  the  same,  so  that,  until  steam  has  been  applied  to 
such  purposes,  there  is  little  hope  for  other  forms  of  stored  energy. 

Coming  back  for  a  moment  to  Faure's  battery,  I  would  carefully  point  out 
that  the  result  which  I  have  put  down — 100  lbs.  per  1,000,000  foot-pounds 
of  energy — refers  to  what  has  been  already  accomplished,  and  not  to  any 
possible  limit.  The  principles  involved  in  the  chemical  action  of  these 
batteries,  in  fact  in  all  batteries,  are  well  understood ;  and  so  far  as  these 
principles  are  involved,  it  is  easy  to  define  limits ;  but  there  are  a  number  of 
secondary  actions  which  are  not  so  well  understood,  and  which  have  hitherto 
prevented  any  approach  to  the  theoretical  limits.  In  the  Faure's  battery, 
the  theoretical  limits  are  about  3  lbs.  per  1,000,000  foot-pounds.  That  is  to 
say,  the  oxidisation  of  1  lb.  of  lead  to  litharge,  and  the  deoxidisation  of  1  lb. 
of  peroxide,  together,  yield  360,000  foot-pounds.  How  far,  at  present, 
Faure's  battery  is  within  this  limit,  at  once  appears  something  like  twenty- 
four  times.  Should  this  be  accomplished,  power  could  be  packed  at  the  rate 
of  1,000,000  foot-pounds  for  3  lbs.,  or  say  6  lbs.  weight,  to  allow  for  wastes, 
a  result  which  would  most  certainly  displace  steam  in  the  locomotive,  but 
which  would  still  leave  coal  and  corn  six  times  the  lightest  vehicle  of  power. 

It  should  be  noticed,  however,  that  although  the  means  of  doing  so  are 
still  entirely  wanting,  could  other  metals,  such  as  iron  or  zinc,  be  used 
instead  of  lead,  the  results  would  be  much  greater.  This  is  shown  by  the 
relative  amount  of  power  necessary  to  oxidise  or  deoxidise  these  materials, 
which  we  see  for  iron  and  zinc  are  five  or  six  times  greater  than  for  lead ; 
here  is  an  apparent  opportunity  for  art. 

Should  this  be  realised,  then,  indeed,  coal  might  be  displaced  as  the 
cheapest  medium  for  the  transmission  of  power,  but  that  would  be  a  small 
matter  compared  with  the  change  that  would  occur  in  our  ways  of  applying 
power.  For  the  dream  of  Jules  Verne,  of  20,000  miles  under  the  sea,  would 
become  a  reality,  and,  instead  of  steamboats,  we  should  travel  in  submarine 
monsters  as  yet  unnamed,  which  we  may  call  steam-fish. 

But  if  science  as  yet  imposes  no  limits  beyond  those  I  have  mentioned,  at 
the  same  time  it  holds  out  no  prospect.  The  chemistry  of  these  batteries 
has  been  very  deeply  considered,  and  those  who  have  studied  the  subject 
most  deeply  apparently  see  no  direction  in  which  to  direct  their  efforts ; 
so  that  any  great  advance  in  this  art  must  entail  a  great  discovery  in  science. 

There  now  only  remains  for  me  to  consider  the  transmission  of  power  as 
power,  or  by  electricity,  a  most  important  branch  of  my  subject,  which  I  must 
take  in  my  next  lecture. 
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III. 

(Delivered  May  7,  1883.) 

So  far  I  have  spoken  only  of  the  conveyance  of  power  by  means  of 
coal,  corn,  or  in  one  or  other  of  the  several  forms  of  packed  energy. 
To-night  I  come  to  consider  the  transmission  of  power  by  what  are  more 
distinctly  mechanical  methods,  and  by  currents  along  pipes  and  conductors. 
These  are  the  means  by  which  power  is  almost  always  distributed,  t^.,  trans- 
mitted from  the  acting  agent,  be  it  horse,  water-wheel,  or  steam-engine, 
to  its  operation,  whatever  it  may  be.  In  most  cases  the  distance  of  such 
transmission  is  so  short  as  to  be  the  subject  of  small  consideration  in  de- 
termining the  means  to  be  employed.  That  is  to  say,  the  means  are  chosen 
rather  by  their  adaptability  to  receive  and  render  up  the  power  than  by 
the  efficiency  with  which  they  transmit  it.  Thus,  if  we  take  an  ordinary 
mill,  the  shaft  which  receives  the  power  from  the  engine  is  generally 
driven  at  that  speed  which  is  best  adapted  to  receive  the  power  from  the 
engine,  and  deliver  it  to  the  machinery  in  the  mill,  without  considering 
whether  a  much  smaller  shaft  might  be  used  if  it  were  caused  to  run  at 
a  much  higher  speed.  Thus,  in  a  mill  driven  by  an  engine  of  two  or  three 
hundred  horse-power,  the  shaft  which  receives  the  power  will  generally  be 
five  or  six  inches  in  diameter,  whereas  it  would  be  possible  to  use  a  shaft 
of  two  inches  diameter  if  the  efficiency  of  the  shaft  were  the  only  con- 
sideration. Or,  again,  take  a  screw  steamboat.  The  distance  from  the 
engines  to  the  screw  may  be  250  feet,  the  power  10,000  horse.  This  could 
be  transmitted  by  a  shaft  twelve  inches  in  diameter,  if  allowed  sufficient 
speed,  but  the  screw  has  to  make  sixty  revolutions  per  minute,  and  this 
determines  the  speed  at  which  the  shaft  is  made  to  run,  and  hence  the 
shaft  is  made  thirty  inches  instead  of  twelve  inches.  This  is  because, 
owing  to  the  smallness  of  the  distance,  the  efficiency  of  the  means  of 
transmitting  the  power  is  a  small  consideration.  There  are,  however, 
many  circumstances  under  which  it  is  impossible  to  bring  the  source  of 
power  close  to  its  work,  and  then  either  mechanical  power  is  not  used,  or 
the  efficiency  of  the  means  becomes  a  consideration. 

In  other  cases  it  is  a  question  whether  it  is  better  to  distribute  the 
sources  of  power,  such  as  steam-engines,  so  that  they  may  be  near  their 
work,  or  to  use  one  large  source,  and  distribute  the  power  by  some  me- 
chanical means.  This  rivalry  exists  in  almost  all  engineering  work  which 
covers  a  large  area,  and,  generally,  a  compromise  is  come  to,  engines  being 
distributed  about  the   works,  and   the    power  of  these  distributed   to  the 
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machines  by  means  of  shafting.  In  many  cases  separate  engines  are  used 
for  each  machine,  but  not  often  separate  boilers,  the  power  being  distributed 
by  steam-pipes. 

Dockyards  have  long  afforded  a  field  for  the  competition  of  the  various 
means  of  distributing  power.  Here,  generally,  the  distances  between  the 
operating  machines,  such  as  cranes  and  capstans,  is  considerable,  and  the 
work  required  from  each  machine  very  casual.  And  every  means  of  dis- 
tribution is  or  has  been  in  use,  from  a  separate  engine  and  boiler  to  each 
machine  as  at  Glasgow,  separate  engines  drawing  their  steam  from  central 
boilers,  to  a  complete  system  of  hydraulic  transmission  from  a  central 
pumping  station,  as  at  Grimsby  or  Birkenhead. 

But  the  question  between  centralisation  or  distribution  of  steam-engines 
is  not  by  any  means  the  only  one,  or  most  important  one,  which  depends 
on  mechanical  means  of  distributing  power.  Every  improvement  in  the 
means  of  distributing  power  from  a  central  engine  opens  a  fresh  field  for 
its  use. 

The  considerations  relating  to  this  s\ibject  are  numerous.  Hitherto,  as 
regards  the  main  transmission  of  power,  the  principal  consideration  has 
been  the  percentage  of  loss  according  to  the  distance ;  but,  as  regards  the 
final  distribution  of  power,  the  form  in  which  it  is  distributed  must  be 
such  as  admits  of  its  being  at  once  available  for  its  purpose.  Thus  hydraulic 
distribution  is  favoured  in  dockyards,  because  it  is  required  for  heavy  forces 
and  slow  motions,  but  where  rapid  motion  is  required,  hydraulic  distribution 
gives  place  to  some  other. 

Again,  where  the  quantity  of  power  that  has  to  be  distributed  is  a  most 
important  consideration,  the  distribution  by  means  of  water  or  compressed 
air  will  generally  be  the  most  efficient,  whereas  these  would  be  by  far  the 
most  costly  means  for  small  quantities.  It  thus  has  to  be  remembered 
that,  besides  the  general  question  of  efficiency,  each  means  has  particular 
recommendations  for  particular  purposes. 

It  is  not,  however,  with  these  particular  recommendations  that  I  am 
concerned.  My  object  is  to  show  the  limits  within  which  the  use  of  each 
means  is  confined,  however  fit  it  may  be  for  its  purpose.  Taking  first  the 
mechanical  means,  which  are  shafts  and  ropes,  we  find  that  the  possible 
limits  to  both  these  means  are  absolutely  defined  by  the  strength  of  material. 
The  amount  of  power  any  piece  of  material  will  transmit  by  motion  against 
resistance,  is  simply  the  mean  product  of  the  stress  or  force  acting  in  the 
direction  of  motion  on  the  section  multiplied  by  the  velocity,  so  that,  if 
the  stress  is  uniform  over  the  section,  the  work  is  the  product  of  the  area 
and  intensity  of  stress  and  the  velocity. 
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In  a  revolving  shaft,  neither  the  stress  nor  the  velocity  is  uniform 
over  the  section,  both  varying  uniformly  from  nothing  in  the  middle  to 
their  greatest  value  on  the  outside ;  so  that  their  mean  product  is  exactly 
half  the  product  of  the  greatest  values.  The  greatest  power  per  square 
unit  of  section  a  shaft  can  transmit  is  half  the  product  of  the  greatest  stress 
into  the  velocity  at  the  outside  of  the  shaft. 

Taking,  then,  the  greatest  safe  working  stress  for  steel  at  15,000  lbs. 
on  the  square  inch;  taking  what  is  the  greatest  practical  velocity  at  the 
surface,  10  feet  per  second  (the  speed  of  railway  journals) ;  the  work  trans- 
mitted is  75,000  foot-pounds  per  second  per  square  inch  of  section — 135 
horse-power  ;  so  that  we  should  have  to  have  a  shaft  of  upwards  of  7  square 
inches  in  section  to  transmit  1,000  horse-power,  that  is,  a  shaft  of  over 
3  inch  diameter.  The  friction  between  such  a  shaft  and  lubricated  bearings 
is  well  known,  04 ;  so  that,  calculating  the  weight  of  the  shaft  24  lbs. 
per  foot,  we  have  power  spent  in  friction  about  52,000  foot-pounds  per 
mile,  that  is  one-tenth  the  total  power  the  shaft  will  transmit.  That  is, 
if  we  put  1,000  horse-power  into  a  3-inch  shaft,  making  500  revolutions 
per  minute,  we  ought,  at  the  end  of  a  mile,  to  be  able  to  take  900  horse- 
power out  of  it.  If  we  had  to  go  farther,  the  size  of  the  shaft  might  be 
diminished,  so  that  in  the  next  mile  we  should  again  lose  a  tenth,  and  if 
we  repeat  this  process  seven  times,  we  shall,  at  the  end  of  seven  miles,  have 
left  about  half  the  original  power  put  in. 

It  will  be  thought,  perhaps,  that  a  8-inch  shaft  is  very  small  to  transmit 
so  large  a  force  ;  this  is  because  the  speed  of  500  revolutions  per  minute 
is  inconveniently  high  for  purposes  of  employing  the  power;  but  if  it 
were  merely  a  cjuestion  of  transmission,  it  would  be  about  the  best  speed. 
This,  then,  shows  the  limit  of  the  capacity  of  shafts  as  transmitters  of 
work. 

Turning  now  to  steel  ropes,  these  have  a  great  advantage  over  shafts, 
for  the  stress  on  the  section  will  be  uniform,  the  velocity  will  be  uniform, 
and  may  be  at  least  ten  to  fifteen  times  as  great  as  with  shafts — say 
100  feet  per  second ;  the  rope  is  carried  on  friction  pulle)'S,  which  may 
be  at  distances  of  five  or  six  hundred  feet,  so  that  the  coeflScient  of  friction 
will  not  be  more  than  015,  instead  of  '04.  Taking  all  this  into  account, 
and  turning  to  actual  results,  the  work  transmitted  per  inch  would  be 
1,500,000  foot-pounds  per  second ;  or  that  a  |-inch  rope  is  all  that  is 
necessary  to  transmit  1,000  horse-power  in  one  direction,  this  would  make 
the  loss  per  mile  only  l-60th.  But  in  practice,  rope  has  to  be  worked 
backwards  and  forwards,  and  the  tension  in  the  backward  portion  of  the 
rope  must  be  half  the  tension  in  the  forward  portion.  This  reduces  the 
performance  from  l-60th  to  l-20th,  which  would  cause  half  the  work  to 


45]  THE  TRANSMISSION  OF  ENERGY.  127 

be  lost  in  ten  miles.  If  we  use  a  bigger  rope,  and  run  at  lower  speed, 
then  the  coefficient  of  friction  would  be  reduced  to  '01,  and  the  distance 
extended  to  fifteen  miles. 

Experience  with  ropes  is  large,  and  they  have  been  found,  without 
question,  to  have  been  the  most  efficient  mechanical  means  of  transmitting 
power  to  long  distances,  but  their  use  is  subject  to  drawbacks.  The  ropes 
wear  somewhat  rapidly,  as  do  also  the  pulleys  on  which  they  run,  and  this 
circumstance  is  very  much  against  their  use  in  any  permanent  work. 
Nevertheless,  they  are  used  for  working  mines,  steep  inclines,  and  steam- 
ploughs  ;  while  at  Schaffhausen  they  have  been  used  for  transmitting  power 
to  considerable  distances. 

Turning  to  the  transmission  of  power  along  pipes,  we  find  the  conditions 
somewhat  modified.  The  formula  for  the  amount  of  power  transmitted  by 
water  is  the  same,  namely,  the  product  of  the  pressure  and  area  of  section  into 
the  velocity.  But  the  resistance  obeys  different  laws.  In  the  case  of  shafts 
and  ropes,  we  have  seen  that  the  distance  is  subject  to  an  absolute  limit. 

In  the  case  of  fluid  in  pipes  this  is  not  so.  No  matter  how  long  a 
pipe  may  be,  if  there  is  no  leakage,  water  would  flow  along  the  pipe  until 
the  level  of  its  surface  were  the  same  at  both  ends.  But  the  rate  of  flow 
would  diminish  Mrith  the  length  and  diameter  of  the  pipe.  Thus  we  can 
transmit  power  through  a  perfectly  tight  pipe,  however  small,  and  however 
long;  but  when  we  come  to  consider  the  gross  power  that  can  be  trans- 
mitted through  a  given  pipe,  with  a  given  percentage  of  loss,  the  question 
is  different.  Given  the  size  and  strength  of  the  pipe,  the  gross  amount 
of  power,  and  the  percentage  of  loss,  and  the  limits  are  fixed.  Thus,  taking 
a  12-inch  pipe  capable  of  standing  1,400  lbs.  on  the  square  inch,  the  loss 
in  transmitting  1,000  horse-power  would  be  about  5  per  cent,  per  mile, 
at  first  increasing — as  the  pressure  fell  to  700  lbs. — to  10  per  cent.  We 
should  thus  have  lost  half  the  power  in  about  seven  miles.  We  cannot 
say  that  seven  miles  is  the  absolute  limit,  for  with  a  24  inch  pipe,  which 
would  cost  four  times  as  much  per  mile,  we  could  transmit  the  same  power 
thirty  times  as  far  with  the  same  loss.  The  cost  of  laying  a  12-inch  pipe 
for  seven  miles,  however,  would  probably  be  as  much  as  even  1,000  horse- 
power would  stand;  while  a  24-inch  pipe  for  200  miles  would  be  out  of 
all  proportion.  Then  there  is  the  consideration  of  leakage,  which,  although 
very  small  for  short  lengths,  is  larger  for  greater  lengths. 

Seven  miles  is  at  present  an  outside  economical  limit  of  hydraulic  trans- 
mission, even  for  such  a  large  amount  of  power :  but  with  air  the  case  is 
different.  This  flows  so  much  easier  than  water,  that  the  cost  of  trans- 
mitting the  same  power  through  the  same  distance,  with  the  same  loss, 
would  be  about  12  per  cent,  or,  at  the  same  cost  per  mile,  the  air  may 
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be  transmitted  100  times  as  far  with  the  same  loss.  The  total  cost, 
however,  would  thus  be  100  times  as  great,  which  would  exceed  the  eco- 
nomical limit;  but  not  only  theory  but  practice  has  shown  that  power 
may  be  economically  transmitted  five  times  as  far  by  air  as  by  water- 
something  like  thirty  miles.  But  on  comparing  these  two  means,  one 
circumstance  must  not  be  lost  sight  of,  and  that  is,  that  getting  the  power 
into  the  pipe  in  the  form  of  compressed  air,  will  cost  twice  as  much  as 
getting  it  in  in  the  form  of  water.  This  is  a  great  advantage  for  water 
where  the  distance  is  short,  but  where  the  distance  is  long,  the  greater 
efficiency  of  air  more  than  compensates  for  this  initial  loss. 

Like  water,  air  can  only  be  transmitted  economically  where  the  quantity 
is  large,  the  friction  being  proportionately  greater  in  small  pipes  than  in 
large,  varying  as  the  four-fifths  power  of  the  diameter. 

This  is  a  great  drawback,  both  as  regards  hydraulic  and  compressed 
air  transmission.  It  does  not  affect  ropes  and  shafts  in  the  same  way,  but 
even  in  these  cases  considerations  of  durability  prevent  these  means  being 
used  efficiently  for  the  transmission  of  small  quantities  of  power  to  con- 
siderable distances,  so  that,  with  the  possibility  already  mentioned,  there 
remains  an  opening  for  any  means  that  will  enable  power  to  be  transmitted 
efficiently  in  small  quantities,  and  such  a  means  we  have  in  the  flow  of 
electricity  along  wires  or  conductors.  In  considering  electricity,  we  may 
well  start  with  the  questions,  (1)  Will  electricity  enable  us  to  transmit  power 
in  large  quantities  more  efficiently  than  the  foregoing  means  ?  (2)  Will  it 
enable  us  to  transmit  small  quantities  ?  These  questions  may  be  more 
definitely  answered  than  they  could  a  few  weeks  ago.  Thanks  to  the  ex- 
periments of  M.  Deprez,  who  appears  to  have  been  the  only  one,  out  of  all 
those  who  are  advocating  the  use  of  electricity,  who  has  had  the  courage 
to  try  and  see  what  can  be  done,  we  can  now  say  with  certainty  that  a 
current  of  electricity,  equivalent  to  5  horse-power,  may  be  sent  along  a 
telegraph  wire  l-6th  of  an  inch  in  diameter,  some  ten  miles  long  (there 
and  back)  with  an  expenditure  of  29  per  cent,  of  the  power,  because  this 
has  already  been  done.  In  order  to  do  this,  it  would  seem  that  M.  Deprez 
has  perfected  his  apparatus  so  as  to  have  nearly  reached  the  possible  limit. 
Compared  with  wire  rope,  this  means  falls  short  in  actual  efficiency,  as 
M.  Hirn  sends  500  horse-power  along  a  |-inch  rope.  To  carry  this  amount, 
as  in  the  experiment  of  Deprez,  one  hundred  telegraph  wires  would  be 
required ;  these  wound  into  a  rope  would  make  it  more  than  1*4  inches 
in  diameter,  four  times  the  weight  of  M.  Hirn's  rope.  With  the  moving 
rope  the  loss  per  mile  is  only  14  per  cent.,  while  with  the  electricity  it 
was  nearly  6 ;  so  that,  as  regards  weight  of  conductor  and  efficiency,  the 
electric  transmission  is  far  inferior  to  the  flying  rope.     Nor  is  this  all.     With 
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the  flying  belt,  M.  Him  found  the  loss  at  the  ends,  in  getting  the  power 
into  and  out  of  the  rope,  2^  per  cent.;  whereas,  in  M.  Deprez's  experiment, 
30  per  cent,  was  lost  in  the  electric  machinery  alone,  which  is  very  small 
as  such  machinery  goes.  But  this  is  not  all.  No  account  is  here  taken 
of  the  loss  of  power  in  the  transmission  to  and  from  the  electric  machinery, 
a  matter  which  is,  I  believe,  very  much  under-estimated. 

The  machines  made  revolutions  at  1,000  and  700,  much  too  high  for 
direct  connection  with  either  a  steam-engine  or  any  mechanical  operator: 
the  power,  then,  had  at  each  end  to  be  transmitted  through  gearing,  or 
a  system  of  belts.  And  supposing  this  alteration  of  speed  to  have  been 
five  or  six  at  each  end,  experience  tells  us  that  a  loss  of  at  least  15  per  cent, 
must  ensue.  This  loss  was  indeed  apparent,  for  the  dynamometer  was 
connected  with  the  machine  with  a  belt,  which  showed  a  loss  from  this 
one  belt  alone  of  20  per  cent.  Taking  the  whole  result,  it  does  not 
appear  that  more  than  15  or  20  per  cent,  of  the  work  done  by  the 
steam-engine  could  have  been  applied  to  any  mechanical  operation  at  the 
other  end  of  the  line,  as  against  90  per  cent,  which  might  have  been 
realised  with  wire  rope  transmission.  To  set  off  against  this,  electricity 
has  the  enormous  advantage  in  the  conductor  being  fixed,  and  in  the  fact 
that  it  is  likely  to  be,  if  anything,  less  costly  and  more  efficient  for  small 
quantities  of  power  than  for  large.  These  advantages  will  certainly  insure 
a  very  large  use  for  electricity  in  the  distribution  of  power,  particularly  for 
high  speed  machinery. 

There  is  yet  another  means  of  communicating  and  distributing  energy 
now  coming  rapidly  into  vogue.  This  is  by  the  transmission  of  coal-gas 
along  pipes.  The  distances,  often  many  miles,  through  which  the  gas  is  often 
transmitted  before  reaching  the  engine,  are  such  that,  with  any  other  means 
of  distributing  power,  would  considerably  enhance  the  cost  of  the  power. 
But  in  the  case  of  gas,  it  does  not  appear  that  these  distances  are  at  all 
a  matter  of  consideration.  This  may  be  at  once  explained.  It  takes  about 
ten  cubic  feet  of  gas  to  develop  1,000,000  foot-pounds  in  a  gas-engine, 
whereas  of  air  compressed  in  the  ordinary  way  it  would  require  something 
like  140  cubic  feet  to  yield  the  same  power.  Hence  the  comparative  cost 
of  transmission  is  the  cost  of  transmitting  ten  cubic  feet  of  gas  against 
that  of  140  cubic  feet  of  compressed  air,  and  these  would  be  about  as  one 
to  twenty-five ;  so,  as  a  means  of  distributing  energy,  gas  is  twenty-five 
times  more  efficient  than  compressed  air. 

I  have  now  placed  before  you,  as  far  as  circumstances  will  allow,  the 
various  means  by  which  energy,  in  a  form  available  for  power,  may  be  trans- 
mitted over  long  distances,  together  with  the  circumstances  which  limit  such 
transmission.     By  means  of  the  railway  and  steamboat,  corn  and  coal  can 
o.  B.  IL  9 
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be,  nay  is,  transmitted  half-way  round  the  earth  with  an  expenditure  of 
power  less  than  half  the  power  represented  by  the  coal  earned,  but  this 
can  only  be  done  where  the  quantity  to  be  transmitted  is  very  large. 

At  present  this  efficiency  is  unrivalled,  no  means  of  packed  energy  or 
of  current  energy  approaching  even  1  per  cent.  And  further,  there  is 
apparent  room  for  a  large  diminution  in  the  present  expenditure,  small  as 
it  is,  in  the  improvement  of  the  steam-engine  as  a  means  of  directing  the 
energy  of  coal.  For  the  distribution  of  power,  this  means  ceases  to  be 
efficient,  nor  can  it  be  employed  to  transmit  energy  which  has  already 
taken  the  form  of  power.  For  these  purposes  other  means  have  to  be 
employed.  These  various  means,  although  they  diflFer  greatly  in  efficiency, 
all  fall  so  far  below  the  efficiency  of  coal  and  com,  that  a  hundred  miles 
appears  to  be  the  outside  limit  any  economical  transmission  of  power  in 
quantity  for  mechanical  purposes,  could  be  at  present  effected ;  and  hence 
any  power,  be  it  derived  from  wind  or  water,  must  be  used  within  this 
radius  of  its  source ;  and,  except  in  places  far  out  of  the  reach  of  rail  or 
water,  this  limit  may  be  divided  by  ten. 

So  far  as  efficiency  of  transmission  in  considerable  quantities,  neither 
secondary  batteries  nor  electrical  transmission  are  more  efficient  than  com- 
pressed air  or  belts,  but  when  it  comes  to  transmitting  small  quantities, 
then  electric  transmission  has  a  decided  advantage.  The  cost  of  the  electric 
conductor  diminishes  with  the  quantity  to  be  transmitted,  and  by  making 
the  conductor  sufficiently  large,  its  efficiency  may  be  increased  to  any 
extent. 

At  the  present  time,  electric  conductors  are  continuous  half-way  round 
the  world,  and  whenever  a  message  is  sent  from  England  to  Australia  direct 
energy  is  transmitted  10,000  miles,  but  in  what  quantity  ?  The  energy  of 
the  current,  as  it  arrives,  is  not  much  more  than  sufficient  to  keep  a  watch 
going,  at  any  rate  not  more  than  1*1000  millionths  of  horse-power.  The 
value  of  such  energy,  estimated  at  £17  per  minute,  would  be  equivalent  to 
a  billion  pounds  per  horse-power  per  hour,  whereas  the  highest  price  paid 
for  animal  labour  in  Australia  or  England  is  not  more  than  Grf.  per  horse- 
power per  hour.  This  shows  the  difference  between  the  transmission  of 
electricity  for  telegraphic  purposes  and  its  transmission  for  mechanical 
purposes.  Energy  differs  in  value  greatly,  but  for  operations  that  can  be 
performed  by  men  or  horses,  the  price  of  energy  must  be  regulated  by  the 
highest  price  of  corn. 

The  prosperity  of  any  spot  in  the  past  depended  on  the  fertility  of 
the  adjacent  soil.  But  the  use  of  coal  luis  altered  this,  and  now  the  present 
prosperity  of  this  country  is  owing  to  the  adjacency  of  our  coal-fields,  these 
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haviug  rendered  it  possible  to  bring  our  food  across  the  earth.     The  im- 
proved means  of  transmitting  coal  and  corn,  it  would  seem,  have,  or  may 
again,  change  this,  and  if,  instead  of  looking  on  the  life  of  this  country  as 
limited  by  the  life  of  our  coal-fields,  we  look  boldly  forward,  and  foster  every 
political,  social,  and  mechanical,  which  may  render  this  a  favourite 
iK>  live  upon,  we  need  not  fear  that  the  necessity  of  bringing  our  coal 
jm  a  distance  will  make  a  difference  which  will  counterbalance  the  ad- 
vantage we  shall  derive  from  the  mechanical  facilities  we  shall  have  here. 


9—2 


46. 

[Read  before  Section  A  at  the  "British  Association/'  1883.] 

ON  THE  EQUATIONS  OF   MOTION  AND  THE  BOUNDARY 
CONDITIONS  FOR  VISCOUS  FLUIDS. 

Taking  the  ordinary  equations  of  motion  for  viscous  fluid,  and  supposing 
a  tube  indefinitely  broad  in  the  direction  z,  bounded  by  solid  surfaces 

y=±o (1), 

which  tube  may  be  supposed  continued  in  a  circle  so  as  to  make  a  circular 
trough.  Suppose  it  full  of  water,  at  rest,  and  subject  to  an  acceleration  X, 
the  equation  of  motion  gives 

dfl  d'U  y 

Tt^^Tf-^^ ^^^' 

or  by  altering  the  arrangement,  instead  of  X  we  may  have -— . 

Now  initially  u  =  0,  .•.    ,-  ,    — -  =  0 ; 

^  dy'    dif        ' 

da  _  y 
"  dt"     ' 

Idp 
or  = —  /  , 

p  du 

right  up  to  the  surface. 

But  by  the  boundary  condition  at  the  solid  surface  u  =  Q  always ; 

.•.|'.0;...^.0, 

which  shows  that  the  boundary  conditions  are  at  variance  with  the  equation 
of  motion. 
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The  equations  simplify  to 

du         d^u     1  dt)      „ 

m=^df-p£^^ (^)' 

with  the  boundary  condition  that  u  is  always  zero  at  the  boundaries. 
For  initial  conditions  we  will  take  p  constant,  and  u  uniformly  zero. 
The  equation  (2)  then  becomes 

1-^ w- 

If  now  we  suppose  X  to  have  a  uniform  value  the  equation  of  motion 

gives  -r~  =  X  throughout  the  fluid,  i.e.  at  the  boundaries.     This  is  contrary 

du 
to  the  boundary  conditions,  for  if  u  is  always  zero  at  the  boundaries  -^  must 

also  be  zero. 

The  functions  wanting  were  rendered  evident  in  the  following  manner. 

By  differentiating  equation  (3)  with  respect  to  t,  remembering  that  X 

and  p  are  constants,  and  that  ^rr  =  ~n  » 

dt      dt 


d  du  _      d^  fdu\  ., 

dtdt~^dyAdt) ^^^* 


an  equation  of  which  the  integrals  are  well  known, 

J  =  S(^^^^^'^'>) (6), 

and  which  may  be  determined  to  suit  the  initial  and  boundary  conditions. 

But  it  does  not  follow  that  the  value  of  -r  in  equation  (6)  is  the  same 
as  in  (4)  because  the  integral  of  (5)  includes  an  arbitrary  function  of  y, 

du         d^u      J,.  V  .Hx 

H^i'df^f^^ ^^>- 

If  we  determine  f{y)  to  suit  equation  (4)  then  equation  (7)  will  not  fit 
the  initial  boundary  conditions. 

If  however  we  determine  f{y)  so  that  equation  (4)  shall  be  satisfied  at 
some  small  distance  r  from  the  boundary,  and  the  boundary  condition 
satisfied  we  have 

/(y)  =  Z(l-e     ••) (8), 

where  p  is  a  numerical  large  quantity. 


134  ON   THE   EQUATIONS  OF   MOTION  [4* 

Such  a  function  satisfies  all  the  boundary  conditions,  but  the  general 
value  of  the  function  would  be 

/(y)  =  Z-2(Zo6   O, 
where  SZo  =  Z (9). 

The  addition  of  such  a  function  to  the  equation  of  motion  would  meet  the 
initial  conditions  of  the  case  in  question,  in  which  X  is  independent  of  i, 
but  this  is  all,  for  the  boundary  conditions  include  that  we  must  have  all  the 
differential  coefficients  of  w  with  respect  to  t  zero  at  the  boundary,  to  meet 
which  case  it  would  be  necessary  to  have  a  function 

F(yt)  =  X(Xoe    »•    )  +  f(2Zi6   *•    t)-\-&^ (10). 

Instead  of  adding  such  functions,  however,  it  seems  better  to  consider  in 
what  way  the  equation  of  motion  can  be  modified  so  that  these  functions 
result  from  integration.  This  would  be  the  case  if  instead  of  equation  (3) 
we  had  the  equation 

du     ^n   .    d^  (du\         dp      „         dhi  .     . 

Tr^p.^uyAdtr^'dx^^^^d^^ ^^^^' 

where  S^Iq  =  1. 

V        d?  du 
That  is,  if  we  add  the  term  ^  —  A  ,-  „  -j-  to  the  equation,  it  becomes  com- 

jPo     «y  dt  ^ 

patible  with  the  boundary  conditions,  and  the  term  itself  is  of  the  same 
order  as  others  which  have  l)een  neglected  in  constructing  the  equations  of 
motion,  and  the  strong  presumption  is  that  such  terms  have  been  neglected. 

The  case  pursued  here  is  the  simplest  possible,  but  by  a  similar  method 
it  may  be  shown  that  the  general  case  for  a  fluid  at  constant  density  will  be 
met  if  the  equations  of  motion  be  modified  as  follows : 


du      7^  _.,  du  dp      ^        _,^ 

dv      ?-2       dv  dp      .J        _., 

dw  _  7-2     ,  dw 


dt      p^       dt         dz 


=  -t+^+MV' 


(12). 


The  equations  of  motion  were  not  originally  the  outcome  of  any  com- 
plete hypothesis  of  the  molecular  constitution  of  fluids.  They  involved 
certain  assumptions  which  would  enter  into  such  an  hypothesis,  but  by  no 
means  completely  define  it,  any  more  than  would  the  phenomena  of 
approximately  steady  motion  suffice  to  define  the  complete  phenomena  of 
motion. 
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The  original  basis  of  the  equations  of  motion  for  viscous  fluids  were 
certain  experimental  phenomena,  and  it  is  important  to  notice  that  all  these 
phenomena  belong  to  what  may  be  called  approximately  steady  motions. 
So  that  neither  the  experimental  verification  of  these  equations,  nor  the 
molecular  hypothesis  on  which  they  were  originally  based,  was  in  any  sense 
complete  or  general.  And  if  the  original  framers  of  these  equations  had 
attempted  to  carry  them  to  the  second  order  of  small  quantities,  it  would 
only  have  been  done  by  further  molecular  assumptions — and  anything  like  a 
complete  experimental  verification  was  entirely  wanting. 

This  aspect  of  the  case  was  changed  by  the  foundation  of  a  complete 
molecular  hypothesis  of  gases,  for  founding  as  it  did  the  dynamical 
theory  of  gases  on  complete  fundamental  assumptions,  the  equations  of 
motion  followed  as  a  consequence  of  these  assumptions — and  although  not 
attempted,  could  have  been  obtained  to  any  degree  of  small  quantities. 
Maxwell  contented  himself  with  showing  that  the  equations  of  motion 
resulting  from  his  assumptions  agreed  with  the  equations  of  motion  obtained 
by  Stokes  to  the  fii-st  order  of  small  quantities*,  but  it  was  perfectly  possible  to 
have  pui-sued  his  reasoning  to  the  second  order  of  small  quantities.  Having 
then  found  that  certain  terms  of  the  second  order  were  wanting  in  the 
equations  of  motion  to  meet  the  boundary  conditions  as  shown  by  experi- 
ment, the  most  probable  method  of  defining  these  terms  seemed  to  be  to 
carry  the  dynamical  theory  of  gases  to  the  second  order  of  small  quantities. 

For  this  investigation  I  adopted  the  same  method  as  that  which  I  have 
explained  in  my  paper  on  the  dimensional  properties  of  matter  in  the 
gaseous  state f,  merely  extending  the  method  to  meet  the  case  of  varying 
motion.  The  result  was  that  I  found  terms  of  the  form  required,  but  they 
entered  into  the  equations  with  the  opposite  sign  to  those  required  to  meet 
the  boundary  conditions,  and  would  thus  only  introduce  arbitrary  constants 
of  a  periodic  character.  Besides  which,  these  terms  clearly  vanished  at  the 
boundaries,  i,e,  if  the  boundary  were  regarded  as  a  plane  of  total  reflection ; 
while  according  to  the  theory,  as  regards  the  first  order  of  small  quantities, 
the  boundary  produced  no  tangential  effects  whatever. 

Having  considerable  confidence  in  the  method  I  was  using  in  deducing 
the  equations  of  motion  from  the  fundamental  assumption ;  it  naturally 
occurred  to  me  to  re-examine  the  fundamental  assumptions,  to  see  if  these 
had  been  introduced  into  the  theory  in  their  fulness.  It  was  then  I 
observed  that  the  theory,  both  as  applied  by  Maxwell,  and  myself,  neglected 
any  possible  dimensions  of  a  molecule,  and  it  became  clear  that  by  neglecting 

*  Phil.  Tram,,  1867,  p.  81. 

t  See  Paper  33,  Vol.  I.,  pp.  257  flf. 


136  ON  THE   EQUATIONS   OF   MOTION  [46 

this  we  had  neglected  that  which  made  it  possible  for  the  boundary  to 
produce  an  acceleration  on  the  fluid. 

By  neglecting  the  dimensions  of  a  molecule,  the  cause  of  transference  of 
momentum  across  a  surface  reduces  itself  to  the  carriage  of  momentum  by 
the  moving  molecules,  whereas  if  we  take  the  size  of  molecules  into  account, 
a  certain  portion  of  the  area  of  any  ideal  surface  drawn  through  the  gas 
must  be  occupied  by  the  solid  matter  of  the  molecules,  and  the  stresses  in 
these  molecules  will  be  the  cause  of  the  tiunsference  of  momentum  across 
the  surface.  This  cause  of  the  transference  of  momentum  across  a  plane 
had  been  ignored  with  the  dimensions  of  the  molecule  in  the  theory  of 
gases*. 

It  became  necessary  therefore  to  take  this  into  account  to  see  what  efifect 
it  had  on  the  equations  of  motion. 

It  is  clear  that  this  effect  would  involve  the  elasticity  of  the  molecules 
themselves,  as  the  rate  at  which  momentum  would  traverse  them  would  be 
that  of  the  propagation  of  sound  in  a  solid,  but  considering  the  relative 
elasticities  of  solids  and  gases,  it  seemed  legitimate  to  take  the  elasticity  of 
the  molecules  as  infinite  compared  with  that  of  the  gas,  i.e.  to  assume  the 
molecules  as  absolutely  rigid — and  the  same  for  groups  of  molecules  in 
contact,  either  directly  or  through  other  molecules  with  a  solid  surface. 

Now  if  we  imagine  a  surface  plane  for  the  instant  to  be  moving  with  the 
mean  velocity  of  the  matter  which  it  traverses,  and  suppose  that  m  molecules 
are  cut  by  an  unit  of  this  plane  and  if  the  in  molecules,  cut  by  a  plane 

parallel  to  the  first  and  at  a  distance  r,  (the  diameter  of  a  molecule)  —  are 

in  contact  with  those  on  the  first,  then  if  we  have  a  third  plane  also  at  a 

distance  r  from  the  second,  —  of  the  molecule  cut  by  this  will  be  directly  in 

contact  with  the  second,  and  —  indirectly  in  contact  with  those  on  the  first, 
so  that  of  the  ni  molecules  on  two  planes  at  a  distance  y  from  each  other 

_y  _vv 

tnq    *"  =  me    '* , 

where  j)  —  log^  q, 

will  be  indirectly  in  contact  with  each  other. 

Now  since  according  to  the  assumptions,  we  regard  this  connection  as 

*  See  Paper  33,  Vol.  I.,  pp.  257  ff.,  *' On  Certain  Dimensional  Properties  of  Matter  in  the 
Gaseous  State.'' 
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rigid,  we  see  that  if  p  is  the  density  of  the  matter  on  any  plane,  this  matter 
is  rigidly  connected  with  matter 

at  a  distance  y  on  either  side  of  the  plane,  which  therefore  is  an  expression 
for  the  rigidity  of  a  gas.     And  it  may  be  noticed  that,  although  the  distance 

to  which  this  rigidity  extends  is  limited  by  the  value  of  -  at  a  surface  such 

as  y  =  0,  it  is  absolute,  so  that   at   a   solid   surface   all    the   matter  (not 
molecules)  in  contact  with  the  surface,  has  the  mean  motion  of  this  surface 

whatever  may  be  the  value  of  - . 

-py 
The  expression  pe    ^  has  been  obtained  on  the  hypothesis  of  the  distri- 
bution of  molecules  in  a  gas,  and  even  so,  without  any  very  great  degree  of 
refining. 

It  is  impossible  without  a  more  definite  hypothesis  than  has  been  pro- 
pounded at  present  as  to  the  constitution  of  a  liquid,  to  say  what  form  the 
expression  for  rigidity  might  there  take,  but  it  is  reasonable  to  suppose  that 
as  regards  the  law  of  molecular  contact,  it  would  be  the  same  as  that  of  a 
gas,  only  p  instead  of  being  large  would  be  very  small,  but  as  regards  the 
rigidity,  the  same  assumption  could  not  be  made  any  more  than  a  whole 
fishing-rod  can  be  considered  rigid  in  the  same  degree  as  a  single  joint  of 
such  a  rod. 


47. 

ON  THE  GENERAL  THEORY  OF  THERMO-DYNAMICS. 

A  LECTURE  DELIVERED  TO  THE  INSTITUTION   OF  CIVIL 
ENGINEERS.     15    NOVEMBER,   1883. 

From  "  The  Proceedings  of  the  Institution  of  Civil  Engineers,  1883." 

In  lecturing  on  any  subject,  it  seeras  to  be  a  natural  course  to  begin  with 
a  clear  explanation  of  the  nature,  purpose,  and  scope  of  the  subject.  But 
in  answer  to  the  question — What  is  thermo-dynaraics  ?  I  feel  tempted  to 
reply — It  is  a  very  difficult  subject,  nearly,  if  not  quite,  unfit  for  a  lecture. 
The  reasoning  involved  is  such  as  can  only  be  expressed  in  mathematical 
language.  But  this  alone  should  not  preclude  the  discussion  of  the  leading 
features  in  popular  language.  The  physical  theories  of  astronomy,  light, 
and  sound  involve  even  more  complex  reasoning,  and  yet  these  have  been 
rendered  popular,  to  the  very  great  improvement  of  the  theories.  Had  it 
appeared  to  me  that  it  was  the  necessity  for  mathematical  expression  which 
alone  stood  in  the  way  of  a  general  comprehension  of  this  subject,  I  should 
have  felt  compelled  to  decline  to  deliver  this  lecture,  honourable  as  I  acknow- 
ledge the  task  to  be. 

What  I  conceive  to  be  the  real  difficulty  in  the  apprehension  of  the  leading 
features  of  thermo-dynamics  is,  that  it  deals  with  a  thing  or  entity  (if  I  may 
so  call  heat)  which,  although  we  can  recognise  and  measure  its  effects,  is 
yet  of  such  a  nature  that  we  cannot  with  any  of  our  senses  perceive  its  mode 
of  operation. 

Imagine,  for  a  moment,  that  clocks  had  been  the  work  of  Nature,  and 
that  the  mechanism  had  been  on  such  a  small  scale  as  to  be  imperceptible 
even  with  the  highest  microscope.  The  task  of  Galileo  would  then  have 
been  reversed ;  instead  of  inventing  machinery  to  perform  a  certain  object, 
his  task  would  have  been  from  the  observed  motion  of  the  hands  to  have 
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discovered  the  mechanical  principles  and  actions  of  which  these  motions 
were  the  result.  Such  an  eflFort  of  reason  would  be  strictly  parallel  to 
that  which  was  required  for  the  discovery  of  the  mechanical  principles 
and  actions  of  which  the  phenomena  of  heat  were  the  result. 

In  the  imaginary  case  of  the  clock,  the  discovery  might  have  been  made 
in  either  of  two  ways.  The  scientific  method  would  have  been  to  have 
observed  that  the  motion  of  the  hands  of  the  clock  depended  on  uniform 
intermittent  motion ;  this  would  have  led  to  the  principle  of  the  uniformity 
of  the  period  of  vibrating  bodies,  and  on  this  principle  the  whole  theory  of 
dynamics  might  have  been  founded.  Such  a  theory  would  have  been  as 
obscure,  but  not  more  obscure,  than  the  theory  of  thermo-dynamics.  But 
there  was  another  method  in  the  case  of  tiraekeepera,  the  one  by  which  the 
theory  of  dynamics  was  actually  brought  to  light — namely,  the  invention  of 
an  artificial  clock,  the  action  of  which  could  be  seen,  and,  so  to  speak,  under- 
stood. It  was  from  the  pendulum  that  the  constancy  of  the  periods  of 
vibrating  bodies  was  discovered,  and  from  this  followed  the  dynamical 
theories  of  astronomy,  light,  and  sound.  There  is  no  great  difficulty  in  the 
apprehension  of  these  theories,  because  they  do  not  call  for  the  creation  of  a 
mental  picture,  but  merely  for  the  exaggeration  or  diminution  of  what  we 
can  actually  see  in  the  clock. 

As  regards  the  mechanical  theory  of  heat,  however,  no  visible  mechanical 
contrivance  was  discovered  or  recognised  which  afforded  an  example  of  this 
action ;  apparently,  therefore,  the  only  possible  method  was  the  scientific 
method — namely,  the  discovery  of  the  laws  of  its  action  from  the  observation 
of  the  phenomena  of  heat,  and  accepting  these  laws,  without  forming  any 
mental  image  of  the  dynamical  origin,  was  the  only  method  open.  This  is 
what  the  present  theory  of  thermo-dynamics  purports  to  be. 

But  although  the  theory  of  thermo-dynamics  may  be  said  to  have  been 
discovered  in  the  form  in  which  it  is  now  put  forward,  this  is  not  quite  true. 
For  one  of  the  discoverers  of  the  second  law,  and  the  one  who  had  priority 
over  the  others,  worked  by  the  aid  of  a  definite  mechanical  hypothesis  as  to 
the  actual  molecular  motions  and  forces  on  which  the  phenomena  of  heat 
depend,  and  many  of  the  most  important  steps  in  the  theory  are  solely  to  be 
attributed  to  his  labours.  But  to  return  to  the  theory.  This  may  be  defined 
as  including  all  the  reasoning  based  on  two  perfectly  general  experimental 
laws,  without  any  hypothesis  as  to  the  mechanical  origin  of  heat.  In  this 
form  thermo-dynamics  is  a  purely  mathematical  subject  and  unfit  for  a 
lecture.  But  as  no  one  who  has  studied  the  subject  doubts  for  a  moment 
the  mechanical  origin  of  these  laws,  I  shall  be  following  the  spirit,  if  not  the 
letter  of  my  subject,  if  I  introduce  a  conception  of  the  mechanical  actions 
from  which  these  laws  spring.     And  this  I  shall  do,  although  I  should  hardly 
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have  ventured,  had  it  not  been  that,  while  considering  this  lecture,  I  hit  on 
certain  mechanical  contrivances  which  afford  sensible  examples  of  the  action 
of  heat,  in  the  same  way  as  the  pendulum  is  an  example  of  the  same 
principles  as  those  involved  in  the  phenomena  of  sound  and  light.  These 
examples,  thanks  to  the  ready  aid  of  Mr  Forster  in  constructing  the 
apparatus,  I  am  in  a  position  to  show  you,  and  I  am  not  without  hope  that 
these  kinetic  engines  may  in  a  great  measure  remove  the  source  of  obscurity 
on  which  I  have  dwelt. 

The  general  action  of  heat  to  cause  matter  to  expand,  or  to  tend  to 
expand,  is  sufficiently  obvious  and  popular.  That  the  expanding  matter  will 
do  work  is  also  sufficiently  obvious,  but  the  exact  part  which  the  heat  plays 
in  doing  this  work  is  very  obscure. 

It  is  now  known  that  heat  performs  two,  and  it  may  well  be  said  three, 
distinct  parts  in  doing  the  work.     These  are — 

(1)  To  supply  the  energy  equivalent  to  the  work  done. 

(2)  To  give  the  matter  the  elasticity  which  enables  it  to  expand,  i.e.,  to 

convert  the  inert  matter  into  an  acting  machine. 

(3)  To  convey  itself  (i.e.,  heat)  in  and  out  of  the  matter. 

This  third  function  is  generally  taken  for  granted  in  the  theory  of  thermo- 
dynamics. 

In  order  to  make  any  use  of  thermo-dynamics,  a  knowledge  of  the 
experimental  phenomena  of  heat  is  necessary ;  but  as  time  will  not  permit 
of  my  entering  largely  into  these,  I  have  had  some  of  the  leading  facts 
suspended  as  diagrains.     One  or  two  it  will  be  well  to  mention. 

Heat  as  a  quantity  is  independent  of  temperature,  the  thermal  unit 
taken  being  the  amount  of  heat  necessary  to  raise  1  lb.  of  matter 
1"  Fahrenheit. 

Temperature  represents  the  intensity  of  heat  in  matter.  Matter  in 
most  of  its  forms  expands  more  or  less  uniformly  as  we  add  heat  to  it; 
hence  the  expansion  of  matter  measures  temperature.  Gases  such  as 
air  expand  in  absolute  proportion  to  the  heat  added  under  a  constant 
pressure. 

Absolute  temperature  is  an  idea  derived  from  the  observed  rate  of 
contraction  of  gases  ;  they  would  vanish  to  nothing  with  the  temperature 
461°  below  zero  Fahrenheit.  For  the  other  phenomena  I  must  refer  to  the 
diagrams  as  I  proceed. 

Our  knowledge  of  these  facts  has  been  accumulating  during  the  last  two 
hundred  years,  and  it   was  in  a  very  complete  condition  forty  years  ago, 
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before  thermo-dynamics  was  bom.  The  birth  of  this  science  may  be  con- 
sidered as  the  result  of  the  recognition  of  work — motion  against  resistance 
as  a  true  measure  of  mechanical  action,  and  of  accumulated  work  or  energy 
as  the  potency  of  all  sources  of  power.  These  ideas  have  now  become 
extremely  popular,  and  all  are  able  to  recognise  in  the  raised  weight,  the 
bent  spring,  the  moving  hammer,  the  same  thing,  energy,  which  is 
measured  by  the  amount  of  work  which  can  be  derived  from  any  of  these 
sources. 

Before  the  recognition  of  this  means  of  measuring  mechanical  potency, 
any  definite  idea  of  the  true  mechanical  action  of  heat  was  impossible,  for 
we  had  not  recognised  the  only  mechanical  action  by  which  it  can  be 
measured. 

In  1843  Joule  conclusively  proved  that,  by  the  expenditure  of  772  ft.-lbs. 
a  thermal  unit  of  heat  must  be  produced,  provided  all  the  work  was  spent  in 
producing  heat.  The  simplicity  of  the  ideas  here  involved,  and  the  com- 
pleteness of  Joule's  proof,  acted  at  once  to  render  the  first  law  popular.  No 
language  can  be  too  strong  in  which  to  express  the  importance  of  this 
discovery ;  yet,  as  was  long  ago  pointed  out  by  Rankine,  the  very  popularity 
of  Joule's  law  went  a  long  way  to  obscure  the  fact  that  it  did  not  constitute 
the  sole  foundation  of  the  theory  of  thermo-dynamics.  Before  Joule's  dis- 
covery it  was  recognised  that  heat  acted  a  part  in  causing  work  to  be 
performed.  It  was  clearly  seen  that  it  was  heat  which  caused  the  water  to 
expand  into  steam,  against  the  resistance  of  the  engine,  and  the  necessity  of 
heat  to  cause  matter  to  expand  was  recognised. 

To  make  matter  do  work  it  was  only  necessary  to  heat  it.  It  would 
expand,  raising  a  weight ;  and  since  after  doing  its  work  the  matter  was  still 
hot,  it  was  supposed  that  the  only  necessity  for  the  heat  was  to  add  increased 
elasticity  to  matter.  It  was  seen  that  the  heat  that  had  once  been  used  was 
so  degraded  in  temperature  that  it  could  not  be  all  used  again.  So  that, 
although  there  was  no  idea  that  heat  was  actually  consumed  in  doing  the 
work,  it  was  seen  that  for  continuous  work  a  continuous  supply  of  heat  at  a 
high  temperature  was  necessary.  As  regards  the  exact  proportion  of  heat 
required  for  the  supply  of  elasticity,  to  perform  a  certain  quantity  of  work, 
fairly  clear  ideas  prevailed.  It  was  seen  that  this  depended  on  various 
circumstances.  These  were  formulated  by  Carnot,  who  in  1828  gave  a 
formula,  which  is  equivalent  to  our  second  law  of  thermo-dynamics,  of  which 
it  was  the  parent. 

Now  this  idea  that  heat  merely  caused  work  to  be  done  was  not  absurd, 
as  is  sometimes  supposed.  Indeed  we  may  say  that  the  present  popular  idea 
that  the  whole  heat  is  convertible  into  work  is  more  erroneous  than  the  old 
idea  in  the  ratio  of  10  to  1 :  because  the  old  idea  that  the  function  of  heat 
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is  to  supply  elasticity  was  right,  as  far  as  it  went.  Although  the  present 
idea  that  the  function  of  heat  is  to  supply  energy  from  which  the  work  is 
drawn  is  also  right,  yet  in  any  known  possible  heat-engine  ten  times  more 
heat  is  necessary  for  the  purpose  of  giving  elasticity  to  matter  than  is 
converted  into  work  by  elasticity.  This  error,  which  seems  to  be  very 
general  amongst  those  who  have  not  made  a  special  study  of  the  subject,  may, 
1  think,  be  attributed — first,  to  the  popularity  of  the  first  law  of  thermo- 
dynamics, and  secondly  to  the  fact  that  although  the  second  law  of  thermo- 
dynamics is  nothing  more  nor  less  than  a  statement  of  the  proportion  which 
the  quantity  of  heat  necessary  to  produce  elasticity  bears  to  the  quantity 
which  this  elasticity  will  convert  into  work,  yet  that  it  is  the  invariable 
custom  in  stating  this  law  to  omit  all  attempt  to  explain  the  purpose  which 
this  excess  of  heat  serves ;  the  reason  for  this  omission  being  that  experiment 
only  shows  that  this  heat  is  necessary,  and  hence  this  is  all  that  we  have  a 
right  to  say. 

If  such  an  error  prevails  it  is  only  a  popular  error,  for  it  certainly  did 
not  affect  the  progress  of  the  science.  No  sooner  did  Joule's  law  become 
known  than  it  was  taken  up  by  Rankine,  who,  in  1849,  published  a  complete 
theory  of  thermo-dynamics,  based,  as  I  have  said,  on  a  hypothetical 
constitution  of  matter.  This  was  almost  simultaneously  followed  by 
theories  based  on  an  improved  form  of  Carnot's  reasoning  by  Thomson  and 
Clausius. 

Riinkine's  theory  was  based  on  a  hypothetical  constitution  of  matter.  He 
invented  a  system  of  molecular  motions  and  constraints,  which  he  called 
molecular  vortices,  and  he  then  calculated  the  effects  of  these  motions  by 
the  theory  of  mechanics.  The  fact  that  his  reasoning  was  based  on  a 
hypothesis  was  considered  by  many  as  a  fault  in  his  reasoning.  But  on  the 
other  hand  the  clear  idea  thus  obtained,  as  to  the  reason  of  everything  he 
was  doing,  gave  him  such  an  advantage  over  those  who  were  working  by 
experimental  laws,  of  the  meaning  of  which  they  would  venture  no  opinion, 
that  he  was  led  to  make  discovery  after  discovery  in  advance  of  his 
competitoi*s,  while  some  of  his  discoveries  are  still  beyond  the  reach  of 
experiment. 

There  was,  however,  a  difficulty  Rankine  had  to  face ;  some  properties  of 
matter  were  pointed  out  which  his  hypothetical  matter  did  not  possess. 
This  was  not  much  to  be  wondered  at,  for  although  Rankine  had  invented 
machinery  which  would  account  for  the  mechanical  action  of  heat,  there  was 
no  reason  to  suppose  this  to  be  the  only  machinery.  Rankine,  with  a  view 
to  the  difficult  calculations  he  had  to  make,  had  chosen  machinery  as  simple 
as  possible.  Instead,  however,  of  trying  to  complicate  it,  he,  yielding  to 
the  opinion  of  his  cotemporaries,  adopted  the  general  conclusions  to  which 
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it   had   led   him   as  axiomatic   laws,  and  so  cut  himself  adrift   from   his 
hypothesis. 

It  comes  to  be,  then,  that  the  student  of  thermo-dynamics  finds  as  a 
reason  why  we  must  pass  a  large  amount  of  heat  through  his  engine, 
besides  that  which  is  converted  into  work,  he  is  to  accept  an  axiomatic  law 
as  to  the  greatest  possible  amount  that  can  be  converted  under  the 
circumstances. 

To  tell  a  child  who  asks  why  he  cannot  have  more  food,  that  he  can  only 
have  6  oz.  a  day,  would  be  considered  cruel.  So  to  tell  a  student  who  wants 
to  know  why,  out  of  the  ten  million  foot-lbs.  in  1  lb.  of  coal,  a  steam-engine 

can  only  give  one  million  as  work,  that  he  is  only  allowed  ^ — j^'  ,  is  cruel, 

yet  this  is  all  he  can  have  from  the  theory  of  thermo-dynamics  based  on 
its  experimental  laws. 

Rankine,  when  compelled  to  abandon  his  hypothesis  as  the  foundation 
of  his  theory  by  the  objections  justly  urged  against  it,  pointed  out  the 
great  disadvantage  of  a  mechanical  theory  conveying  no  conception  of  the 
mechanical  basis  of  its  laws;  and  called  on  all  those  who  taught  the 
subject,  to  try  and  find  some  popular  means  of  illustrating  the  second  law. 

This  call  was  made  twenty  years  ago ;  but,  I  believe,  up  to  the  present 
time  no  such  illustration  has  been  forthcoming.  When  undertaking  this 
lecture  I  had  no  idea  of  such  an  illustration,  and  I  did  not  intend  to  say 
much  as  to  the  reason  of  the  second  law.  But,  as  I  have  said,  three  weeks 
ago  an  idea  occurred  to  me.  It  arose  in  this  way :  Heat  acts  in  matter  to 
transform  heat  into  work  by  molecular  mechanism.  Having  much  studied 
the  subject,  I  have  in  my  mind  a  picture,  right  or  wrong,  of  the  mechanism, 
and  the  part  which  heat  acts.  The  question  occurred — Is  there  no  way  of 
making  a  machine  such  that,  although  the  pai*ts  are  in  visible  motion,  and 
the  energy  transformed  to  work  is  visible  energy,  yet  the  energy  supplied 
shall  have  the  characteristics  of  heat-energy,  and  the  machine  shall  act  simply 
in  virtue  of  the  elasticity  caused  by  the  motion  of  its  parts  ? 

The  question  had  no  sooner  arisen  than  several  ways  of  carrying  out  the 
idea  presented  themselves. 

The  general  idea  of  the  mechanical  condition  which  we  call  heat  is,  that 
the  particles  of  matter  are  in  active  motion ;  but  it  is  the  motion  of  the 
individuals  in  a  mob,  with  no  common  direction  or  aim.  Rankine  assumed 
the  motion  to  be  rotatory,  but  it  now  appears  more  probable  that  the  motion 
in  the  particles  is  oscillatory,  undulatory,  rotatory,  and  all  kinds  of  motion, 
whatsoever;  so  that  the  communication  of  heat  to  matter  means  the  com- 
munication of  internal  agitation — mob  agitation.  If,  then,  we  are  to  make  a 
machine  to  act  the  part  of  hot  matter,  we  must  make  a  machine  to  perform 
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its  work  in  virtue  of  the  communication  of  internal  promiscuous  motion 
amongst  its  parts.  The  action  of  heat- mechanism  to  do  work  is  simply  that 
of  expansion  of  volume,  or  the  increased  effort  to  expand  owing  to  increased 
agitation.  I  first  tried  to  think  of  some  working  arrangements  of  small 
bodies  which  should  forcibly  expand  when  shaken ;  but  it  appeared  that  it 
would  be  much  easier  to  effect  a  contraction.  This  was  as  good.  As  long  as 
any  definite  alteration  in  shape  could  be  produced  against  resistances  by  a 
definite  amount  of  agitation  in  its  parts,  we  should  have  a  machine  illustrat- 
ing the  action  of  the  heat-engine. 

Suppose  we  want  to  raise  a  bucket  from  a  well.  Our  best  way  is  to  pull 
or  wind  up  the  rope,  but  that  is  because  the  energy  we  employ  is  in  a 
completely  directable  form.  Suppose  we  had  no  such  directable  energy,  but 
could  only  shake  the  rope,  it  having  been  first  made  fast  at  the  top  (Fig.  1, 
next  page).  Then,  it  being  a  heavy  rope,  a  chain  is  better;  suppose  we 
shake  the  chain  laterally,  waves  will  run  down  the  chain,  and,  if  we  go  on 
shaking,  the  chain  will  assume  a  continuously  changing  sinuous  form  (Figs. 
2  and  3) ;  and,  as  the  chain  does  not  stretch,  the  bucket  must  be  raised  to 
allow  for  the  sinuosities.  The  chain  will  have  changed  its  mechanical 
character,  and  from  being  a  tight  line  or  tie  in  a  vertical  direction,  will 
possess  kinetic  elasticity,  that  is,  elasticity  in  virtue  of  its  motion,  causing  it 
to  contract  its  vertical  length. 

The  bucket  will  be  raised,  although  not  to  the  top  of  the  well,  and  work 
will  have  been  done  in  raising  it,  but  the  work  spent  in  shaking  the  chain 
will  be  not  only  the  equivalent  of  the  work  spent  in  raising  the  bucket,  but 
also  of  all  the  kinetic  agitation  in  the  chain  necessary  to  raise  the  bucket. 
Having  raised  the  bucket  as  far  as  possible  with  a  certain  power  of  agitation, 
if  the  supply  of  agitation  be  cut  off,  then  that  already  in  the  chain  will 
sustain  the  bucket  until  it  is  destroyed  by  friction,  when  the  bucket  will 
gradually  descend. 

But  if  we  want  to  do  more  work,  to  raise  another  bucket,  we  may  take 
that  which  is  raised  off  at  the  level  at  which  it  is  raised ;  then,  to  get  the 
chain  down  again,  we  must  allow  it  to  cool,  i.e.,  allow  the  agitation  to  die 
out ;  then,  attaching  another  bucket,  to  raise  this,  we  shall  again  have  to 
supply  the  same  heat,  perform  the  same  work,  i.e.,  the  work  to  raise  the 
bucket,  and  the  agitation-energy  of  the  chain.  Thus  we  see  that  the  energy 
necessary  to  the  working  of  the  machine  serves  two  purposes,  it  supplies 
the  energy  necessary  to  raise  the  bucket,  and  the  energy  necessary  to 
convert  the  chain  from  an  inextensible  tie  into  an  elastic  contracting  system, 
capable  of  raising  the  weight,  neither  of  which  portions  of  energy  is  again 
serviceable  after  the  bucket  has  been  raised.  The  one  portion  is  already 
converted  into  work,  and  the  other,  although  still  in  existence  in  the  chain 
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as  energy,  can  only  sustain  the  position  of  the  chain.     Before  it  could  be 
used  to  do  more  work  it  must  be  got  out  of  the  chain  and  back  again,  which 


Fig.  1. 


Fig.  2. 


Fig.  3. 


is  just  the  thing  you  cannot  do;  we  can  get  some  of  it  out  and  some  of  it 
back,  but  not  all. 

It  must  not  be  supposed  that  this  method  of  raising  a  bucket  by  shaking 
the  rope  is  recommended  as  the  best  means.  No  one  would  dream  of  using 
it  if  we  could  get  a  direct  pull,  but  that  is  nothing  to  the  point.  We  are 
considering  the  action  of  heat,  and  we  have  limited  ourselves  to  using  energy 
of  the  same  kind  that  heat  supplies;  that  is,  energy  in  the  form  of  promis- 
cuous agitation,  absolutely  without  direction,  so  that  the  question  is,  how 
can  we  raise  the  bucket  by  shaking  ? 

I  feel  that  there  is  a  childish  simplicity  about  this  illustration,  that  may 
at  first  raise  the  feeling  of  "  Abana  and  Pharpar,  rivers  of  Damascus,"  in  the 
minds  of  some  of  my  hearers,  but,  should  this  be  the  case,  I  have  every 
confidence  that  calm  reflection  will  have  the  same  effect  as  on  Naaman. 

The  case  of  the  shaken  rope,  as  I  have  put  it,  is  no  mere  illustration  of 
the  action  of  heat,  but  an  instance  of  the  same  application  of  the  same 
principles.  The  sensible  energy  in  the  shaking  rope  only  difFera  from  the 
energy  of  heat,  i.e.,  a  bar  of  metal  is  the  scale  of  the  motion ;  we  see  that  in 
the  chain  but  not  in  the  bar,  not  because  the  molecules  of  the  bar  are 
moving  slower,  but  because  the  scale  of  motion  is  infinitely  smaller.  The 
temperature  of  the  bar  from  absolute  zero  measures  the  mean  square  of  the 
velocity  of  all  its  parts,  multiplied  by  some  constant  depending  on  the  mass 
of  the  parts  which  are  moving  together ;  so  the  mean  square  of  the  velocity 
of  the  chain  multiplied  by  the  weight  per  foot  of  the  chain  really  represents 
the  absolute  temperature  of  the  sensible  energy  in  the  chain. 

The  apparatus  which  I  have  on  the  table  is  an  obvious  adaptation  of  the 
rope  and  the  bucket.  There  are  three  diflferent  illustrations  apparently  very 
different  in  form,  but  all  working  by  the  same  principle. 

o.  B.   II.  10 
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Here  is  the  chain  (Figs.  1,  2,  3),  by  the  shaking  of  which  (addition  of 
promiscuous  energy)  a  weight  of  2  lbs.  is  raised  3  feet,  or  6  foot-lbs.  of  work 
done ;  here  is  another  sort  of  chain,  a  series  of  parallel  horizontal  bars  of 
wood,  connected  and  suspended  by  two  strings  (Figs.  4,  5,  and  6).  By  giving 
a  circular  oscillation  to  the  upper  bar,  the  whole  apparatus  is  set  into  a 


Fig.  4. 


Fig.  5. 


Fig.  6. 


twisting  motion  (agitation);  the  strings  are  continually  bent,  and  the 
vertical  length  of  the  whole  system  is  shortened,  and  a  weight  of  10  lbs.  or 
the  bucket  of  the  pump  is  caused  to  rise,  raising  water  just  as  if  we  boiled 
water  under  the  piston  of  a  steam-engine.  To  get  the  bucket  down  again 
for  another  stroke,  we  must  quiet  or  cool  the  chain,  just  as  we  must  condense 
the  steam,  and  the  energy  taken  out  of  the  chain  in  cooling  corresponds 
exactly  with  the  heat  that  must  be  taken  out  of  the  steam  in  order  to 
condense  it. 

The  waves  of  the  sea  constitute  a  source  of  energy  in  the  form  of  sensible 
agitation ;  but  this  energy  cannot  be  used  to  work  continuously  one  of  these 
kinetic-machines,  for  exactly  the  same  reason  as  the  heat  in  the  bodies  at 
the  mean  temperature  of  the  earth's  surface  cannot  be  used  to  work  heat- 
engines.  A  chain  attached  to  a  ship's  mast  in  a  rough  sea  would  become 
elastic  with  agitation,  but  this  elasticity  could  not  be  used  to  raise  cargo 
out  of  the  hold,  because  it  would  be  a  constant  quantity  as  long  as  the 
roughness  of  the  sea  lasted. 

In  practical  mechanics  we  have  no  source  of  energy  consisting  of  sensible 
agitation,  besides  the  waves  of  the  sea ;  so  that  there  has  been  no  demand 
for  these  kinetic  engines  to  transform  sensible  mob-energy  into  work ;  had 
there  been,  I  might  have  patented  my  idea,  though  probably  it  would  have 
long  ago  been  discovered.  But  there  has  been  a  demand  for  what  we  may 
call  sensible  kinetic  elasticity,  to  perform  for  sensible  motion  the  part  which 
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the  heat  elasticity  performs  in  the  thermometer,  and  for  this  purpose  the 
principle  of  the  kinetic  machine  was  long  ago  applied  by  Watt.  The 
common  governor  of  a  steam-engine  acts  by  kinetic  elasticity,  which  elasticity, 
depending  on  the  speed  at  which  the  governor  is  driven,  enables  the 
governor  to  contract  as  the  speed  increases.  The  motion  of  the  governor  is 
not  of  the  form  of  promiscuous  agitation,  but,  though  systematic,  all  the 
motion  is  at  right  angles  to  the  direction  of  operation,  so  that  the  principle 
of  its  action  is  the  same. 

The  kinetic  elasticity  of  the  governor  performs  the  same  part  as  the 
heat  elasticity  in  the  matter  of  the  thermometer ;  the  first  measures  by 
contraction  the  velocity  of  the  engine,  and  the  other  measui'es  by  expansion 
the  velocity  of  the  molecules  of  the  matter  by  which  it  is  surrounded,  so 
that  we  now  see  that  while  measuring  the  speed  of  sensible  revolution,  we 
are  performing  on  a  dififerent  scale  the  same  operation  as  measuring  the 
temperature  of  bodies  which  depends  on  the  molecular  velocities,  and  that 
quite  unconsciously  we  have  constructed  instruments  to  perform  the  two 
similar  operations  which  act  by  means  of  the  same  mechanical  action,  namely, 
kinetic  elasticity. 

These  kinetic  examples  of  the  action  of  heat  must  not  be  expected  to 
simplify  the  theory,  except  in  so  far  as  they  give  the  mind  something  definite 
to  grasp ;  what  they  do  is  to  substitute  something  we  can  see  for  what  we 
can  barely  conceive. 

The  theory  of  thermo-dynamics  can  be  deduced  from  any  one  of  these 
kinetic  examples  by  the  application  of  the  principles  of  mechanics ;  such 
application  involves  complex  d}mamical  reasoning,  such  as  can  only  be 
executed  by  the  aid  of  mathematics,  and  would  be  altogether  unfit  to  intro- 
duce into  a  lecture.  I  shall  therefore  pass  on  to  some  considerations  resulting 
from  the  theory  of  thermo-dynamics. 

The  discovery  of  the  two  laws  has  enabled  us  to  perfect  and  complete 
our  experimental  knowledge  of  the  phenomena  of  heat.  But  probably  the 
greatest  practical  use  is  that  these  two  laws  enable  us  to  calculate  with 
certainty,  from  the  experimental  properties  of  any  matter,  the  extreme 
potency  of  any  source  of  power. 

Thus  we  find  by  experiment  that  a  pound  of  coal  burnt  in  a  furnace 
yields  fourteen  to  sixteen  thousand  thermal  units  of  heat.  The  first  law, 
Joule's  law,  tells  us  at  once  that  this  is  equivalent  to  from  11,000,000  to 
13,000,000  foot-lbs.  of  energy.  But  this  is  not,  as  seems  to  be  generally 
supposed,  the  power  of  coal.  The  second  law  of  thermo-dynamics  tells  us 
that  in  order  that  this  energy  might  be  realised,  it  must  be  capable  of  being 
developed  at  an  infinite  temperature,  whereas  we  know  that  this  cannot  be 
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the  case ;  and  there  is  a  growing  idea  that  the  temperature  at  which  coal 

will  burn  is  not  so  extremely  high,  about  3,000°  Fahrenheit.     Taking  this 

temperature,  and  assuming  the  temperature  of  the  atmosphere  to  be  60°,  we 

have  for  the  proportion  of  the  heat  of  coal,  that  we  could  with  a  perfect 

2940 
engine  call  power,  .^y^  ,  about  80  per  cent.,  or  from  9,000,000  to  11,000,000 

foot-lbs. 

Again,  we  know  the  heat  propei*ties  of  all  known  liquids  and  gases,  so 
that  we  can,  by  the  second  law,  tell  the  greatest  possible  proportion  of  the 
heat  received,  which  can  be  converted  into  power  by  any  of  these  agenta 

In  the  steam-engine,  for  instance,  we  see  that  the  present  limits  of  art 
restrict  the  temperatures  absolutely  to  400°,  and  practically  the  limits  are 
much  less;  while  the  lowest  temperature  that  can  be  worked  to  in  a 
condenser  is  100°.  Then,  as  the  limit  to  the  possibility,  we  have  one-third 
as  the  greatest  proportion,  or  three  out  of  the  nine  million  foot-lb& 

The  greatest  actual  achievement  by  Mr  Perkins  has  been  about  two 
millions,  while  the  best  engines  in  use  only  give  us  a  little  over  one  million, 
or  about  one-ninth  of  the  possible  realizable  portion  between  3,000°  and  the 
mean  temperature  of  the  earth's  surface. 

I  cannot  here  enter  upon  these,  but  the  reasons  why  higher  temperatures 
cannot  be  used  in  the  steam-engine  are  obvious  enough. 

The  same  reasons  do  not  apply  to  hot  air  as  an  agent.  This  may  be 
worked  at  much  greater  temperatures  ;  and  about  thirty  years  ago,  as  soon 
as  it  appeared  from  the  science  of  ther mo-dynamics  that  the  limit  of 
efficiency  depended  on  the  range  of  temperature,  attention  was  much  directed 
to  air  as  a  substitute  for  steam.  The  attempts  then  made  failed  through 
what  were  then  called  practical,  or  art  difficulties. 

Just  at  the  present  time  the  possibility  of  other  heat-engines  than 
steam-engines  has  again  conic  to  the  front;  and  as  this  is  so,  it  seems 
desirable  to  call  attention  to  a  circumstance  connected  with  heat-engines 
which  has  as  yet  occupied  quite  a  subordinate  place  in  the  theory  of  heat- 
engines.  This  is  the  law  as  to  the  rate  at  which  heat  can  be  made  to  do 
work  by  an  agent,  such  as  steam  or  air.  The  greatest  possible  efficiency  of 
the  agent,  i.e.,  the  proportion  which  the  work  done  bears  to  the  mechanical 
equivalent  of  the  heat  spent,  is  a  matter  of  fundamental  importance ;  but 
the  rapidity  with  which  the  heat  can  he  so  transformed  with  a  given  amount 
of  apparatus,  as  an  engine  of  a  given  weight,  is  a  matter  of  at  least  as  great 
importance. 

Which  would  be  the  best  engine  for  a  steamboat ;  one  that  would  develop 
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20  H.P.  for  every  ton  gross  weight,  consuming  2  lbs.  of  coal  per  h.p.  per 
hour,  or  one  that  only  gave  2  h.p.  per  ton  weight,  and  only  consutned  1  lb. 
of  coal?  Unquestionably  the  former;  yet  hitherto  the  question  of  heat 
economy  has  been  considered  theoretically,  to  the  exclusion  of  time  economy. 
Yet  the  latter  forms  a  legitimate  part  of  the  subject  of  thermo-dynamics,  and 
has  played  a  greater  part  in  the  selection  of  steam  as  the  fittest  agent  than 
the  consideration  of  the  heat-economy. 

In  the  theory  of  thermo-dynamics  it  is  assumed  that  the  working  agent, 
be  it  water  or  any  other,  can  be  heated  up  and  cooled  down  at  pleasure, 
without  any  consideration  as  to  the  time  taken  for  these  operations,  which 
are  considered  to  be  mere  mechanical  details. 

Yet  in  the  science  of  heat  a  great  amount  of  labour  has  been  spent ;  a 
great  amount  of  knowledge  gained  as  to  the  rate  at  which  heat  will  traverse 
matter.  And  more  than  this ;  it  is  well  known  that  heat  cannot  be  made  to 
enter  and  leave  matter  without  a  certain  loss  of  power,  i.e.,  a  certain  lowering 
of  the  working  range  of  temperature.  It  is  by  heat  that  heat  is  carried 
into  the  substance ;  and  hence,  as  I  have  indicated,  there  is  a  third  law  of 
thermo-dynamics  relative  to  this  transmission.  Heat  only  flows  down  the 
gradient  of  temperature,  and  in  any  particular  substance  the  rate  at  which 
heat  flows  is  proportional  to  the  gradient  of  temperature.  Hence  to  get  the 
heat  from  the  source  or  furnace  into  the  working  substance  a  certain  time 
must  be  consumed,  and  this  time  diminishes  as  the  difference  of  temperature 
of  the  furnace  and  the  working  substance  increases. 

The  examples  of  the  kinetic  engines  which  I  have  shown  you  well 
illustrate  this.  If  we  shfCke  the  end  of  a  chain,  the  wriggle  passes  along  the 
chain  at  a  given  speed.  It  appears  that  an  interval  must  elapse  between  the 
first  shaking  of  the  chain  and  the  establishment  of  sufficient  agitation  to 
move  the  bucket ;  a  further  interval  before  the  bucket  is  completely  raised  ; 
and  further  still,  another  interval  must  elapse  before  the  chain  can  be  cooled 
again  for  another  stroke ;  so  that  this  kinetic  engine  will  only  work  at  a  given 
rate.  I  can  increase  this  rate  by  shaking  harder,  but  then  I  expend  more 
energy  in  proportion  to  the  work  done. 

This  exactly  corresponds  with  what  goes  on  in  the  steam-engine,  only, 
owing  to  the  agent  water  being  heated,  expanded,  and  cooled  severally  in  the 
boiler,  cylinder  and  condenser,  the  connection  is  somewhat  confused. 

But  it  is  clear  that  for  every  h.p.  something  like  15  million  foot-pounds 
of  power  have  to  pass  from  the  furnace  into  the  boiler.  As  out  of  this  15 
we  cannot  use  more  than  2  million,  the  remaining  13  are  available  for 
forcing  the  heat  from  the  products  of  combustion  into  the  water,  and  out  of 
the  steam  into  the  condensing  water,  and  they  are  usefully  employed  for 
this  purpose. 
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The  boilers  are  made  small  enough  to  produce  sufficient  steam,  and  this 
size  is  determined  by  the  difference  of  the  internal  temperature  of  the  gases 
in  the  furnace  and  the  water  in  the  boiler,  and  whatever  diminishes  this 
diflference  would  necessarily  increase  the  size  of  the  heating  surface,  i.«.,  the 
weight  of  the  engine.  The  power  which  this  difiference  of  temperature 
represents  cannot  be  realised  in  the  steam-engine,  so  that  it  is  most  usefully 
employed  in  diminishing  the  necessary  size  of  the  boiler.  Still  it  is  an 
important  fact  to  recognise  that  our  present  steam-engines  require  the 
expenditure  of  more  than  five  times  as  much  of  the  power  of  the  heat  (not 
of  the  heat)  in  getting  the  heat  into  the  working  substance  as  in  performing 
the  actual  operation.  This  loss  of  power  does  not  so  much  occur  in  the 
resistance  of  the  metal  which  separates  the  furnace  from  the  water  as  in  the 
resistance  of  the  gases.  Gas  is  a  very  bad  conductor;  and  though  a  thin 
layer  adjacent  to  the  plates  is  always  considerably  cooled,  little  further  cooling 
goes  on  until,  by  the  internal  currents,  this  layer  is  removed,  and  a  fresh  hot 
layer  substituted  in  its  place. 

Similar  resistance  would  occur  inside  the  boiler  between  the  water  and 
the  hot  plate,  nay  does  occur,  until  the  water  begins  to  boil,  but  then  the 
evaporation  of  the  water  takes  place  at  the  hot  surface,  and  every  particle  of 
water  boiled  absorbs  a  great  deal  of  heat,  which  leaves  the  surface  in  the  form 
of  bubbles,  allowing  fresh  water  to  come  up. 

If  we  had  air  inside  the  boiler  instead  of  water,  we  should  require  from 

five  to  ten  times  the  surface  to  carry  off  the  same  heat,  which  is  a  sufficient 
reason  why  what  are  called  hot-air  engines  cannot  answer,  even  did  not  the 
same  argument  hold  with  enormously  greater  force  in  the  condenser. 

Steam  is  as  bad  a  conductor  of  heat  as  air  as  long  as  it  does  not  condense, 
but,  in  condensing,  steam  will  conduct  heat  to  a  cold  surface  at  an  almost 
infinite  rate,  for  as  the  steam  comes  up  to  the  surface  it  is  virtually  anni- 
hilated, leaving  room  for  fresh  steam  to  follow,  which  it  will  do  if  necessary 
with  the  velocity  of  sound.  If,  however,  there  is  the  least  incondensable 
air  in  the  steam  this  will  be  left  as  a  layer  against  the  fresh  steam. 
Some  years  ago  I  made  some  experiments  on  this  subject,  which  showed 
that  5  or  10  per  cent,  of  air  in  the  steam  would  virtually  prevent 
condensation. 

If  a  flask  be  boiled  till  all  the  air  is  out,  and  nothing  but  pure  steam  is 
left,  and  if  the  flask  be  then  closed  and  a  few  drops  of  cold  water 
introduced,  the  pressure  instantly  falls  to  zero,  though  it  immediately 
recovers  from  the  boiling  of  the  water  in  the  flask.  If  now  a  little  air  be 
admitted,  and  allowed  to  mix  with  the  steam,  the  few  drops  of  water  produce 
scarcely  any  effect. 

The  facility  with  which  steam  carries  heat  to  a  cold  surface  is  both  an 
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enormous  advantage  and  some  drawback;  as  compared  with  air  it  is  an 
enormous  advantage  in  enabling  the  steam  to  be  cooled  in  the  condenser. 
But  during  the  working  of  the  steam  in  the  cylinder,  when  the  steam  is 
wanted  to  keep  its  heat,  the  facility  with  which  it  condenses  is  a  great  draw- 
back, and  necessitates  the  keeping  of  the  cylinder  hotter  than  the  steam  by 
a  steam-jacket.  For  this  part  of  its  work  the  non-conductivity  of  incon- 
densable air  is  a  great  advantage. 

In  dwelling  thus  on  the  conducting  powers  of  air  and  steam,  my  purpose 
has  been  to  prepare  the  way  for  a  few  remarks  I  wish  to  make  on  another 
form  of  heat-engine — the  engine  in  which  the  heat  is  generated  in  the  working 
substance  itself. 

The  combustion-engine,  in  the  form  of  the  cannon,  is  the  oldest  form  of 
heat-engine.  Here  the  chemically  separate  elements  in  the  form  of  gun- 
powder are  the  working  substances  put  into  the  cylinder ;  they  take  in  with 
them  the  potential  energy  of  chemical  separation,  which  by  means  of  a  spark 
take  the  kinetic  form  of  heat.  Here  there  is  no  conduction,  the  kinetic 
elasticity  propels  the  shot,  and  all  the  heat  over  and  above  that  used 
in  imparting  energy  to  the  shot  is  lost.  The  advantages  of  this  form  of 
engine  are  two.  There  is  no  time  necessary  for  conduction,  and  as  the  gas 
generated  is  not  condensable,  there  is  little  loss  of  heat  by  conduction  to  the 
cold  metal. 

These  two  advantages  are  very  great,  but  I  should  not  have  mentioned 
them  in  reference  to  guns  were  it  not  that  there  appears  to  be  the  dawning 
of  an  idea  of  taming  this  form  of  engine  so  as  to  substitute  it  for  the  steam- 
engine.  To  do  this  it  is  necessary  to  introduce  coal  or  coal-gas ; — and  oxygen 
in  the  form  of  air  in  place  of  gunpowder.  The  thermo-dynamic  theory 
applied  to  such  engines  shows  that  they  should  possess  great  advantages  over 
the  steam-engine  in  point  of  economy.  And  the  considerations  I  have 
brought  forward  as  to  the  loss  of  the  power  of  heat  in  the  transference  of 
heat  from  the  furnace  to  the  boiler  seem  to  promise  such  engines  an 
enormous  advantage  in  rate  of  work,  while  the  substitution  of  a  non-con- 
densable gas  for  steam  in  the  cylinder  seems  to  get  over  the  art-difficulty  of 
making  cylinders  to  work  under  high  temperatures.  We  cannot  expect  any 
piston  to  work  in  a  cylinder  of  over  300°  or  400°  temperature,  but  with 
non-condensing  gases  the  cylinder  may  be  kept  cool  with  little  cooling  effect 
on  the  gases  contained  in  it,  even  if  the  temperature  of  these  is  3,000°. 
This  will  be  the  case  if  the  gas  in  the  cylinder  is  not  in  a  violent  state  of 
internal  agitation,  but  it  should  be  remembered  that  all  internal  currents 
much  fjEU^ilitate  the  conveyance  of  heat  to  the  walls. 

There  is  one  drawback  shown  by  the  theory  of  these  engines.  The 
simple  expansion  of  the  gases  resulting  from  combustion  is  not  sufficient  to 
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cool  them  to  anything  like  the  temperature  of  60'',  and  to  get  the  greatest 
economy  some  of  the  remaining  heat  should  be  used  to  heat  the  fresh 
charge.  To  do  this,  however,  would  necessitate  the  extraction  of  the  heat 
from  one  mass  of  gas  to  communicate  it  to  another,  which  would  introduce 
all  the  difficulties  of  the  boiler,  increased  by  having  gas  instead  of  water. 

But  even  wasting  this  heat,  the  theory  still  shows  a  large  margin  of 
economy  for  such  engines  over  the  present  performance  of  steam-engines, 
a  margin  which  is  said  to  have  been  already  realised  in  the  gas-engine,  which 
is  a  form  of  combustion-engine  in  a  high  state  of  efficiency.  Now,  by  means 
of  Dowson  gas,  Messrs  Crossley  seem  to  have  obtained  2,000,000  out  of  the 
10,000,000  ft.-lbs.  in  1  lb.  of  coal.  Further  accomplishment  in  this  direction 
is  a  question  of  art ;  but  while  on  all  other  hands  science  shows  impassable 
barriers  not  far  in  advance  of  the  present  achievements  of  art,  in  this 
direction  thermo-dynamics  extended  to  include  the  rate  of  operation  shows 
no  known  barriers ;  while  the  fact  that,  as  gas-engines,  this  system  of  com- 
bustion heat-engines  has  already  established  a  footing  assures  them  continual 
improvement. 

In  conchision  I  would  say,  by  way  of  caution,  that  the  theory  of  thermo- 
dynamics does  not  lead  to  the  conclusion,  which  seems  to  be  generally  held 
by  those  who  have  only  realised  the  first  law  of  the  science,  that  the  steam- 
engine  is  a  semi-barbarous  machine,  wasting  more  than  it  uses,  very  well 
for  those  who  know  no  science,  but  only  waiting  until  those  better  educated 
have  time  to  turn  their  attention  to  practical  matters,  and  then  to  give  place 
to  something  much  better.  Thermo-dynamics  shows  us  not  the  faults  but 
the  perfections  of  the  steam-engine,  in  which  there  is  no  waste  of  power, 
since  all  is  used  either  in  doing  work  or  in  promoting  the  rate  at  which  the 
work  can  be  done.  Next  to  the  watch,  the  steam-engine  is  the  highest 
development  of  mechanical  art,  and  the  science  of  thermo-dynamics  may  be 
said  to  be  the  result  of  the  study  of  the  steam-engine. 


48. 

ON   THE  TWO   MANNERS  OF  MOTION   OF  WATER. 
[From  the  "Proceedings  of  the  Royal  Institution  of  Great  Britain,"  1884.] 

(Bead  March  28,  1884.) 

It  has  long  been  a  matter  of  very  general  regret  with  those  who  are 
interested  in  natural  philosophy,  that  in  spite  of  the  most  strenuous  efforts 
of  the  ablest  mathematicians,  the  theory  of  fluid  motion  fits  very  ill  with  the 
actual  behaviour  of  fluids ;  and  this  for  unexplained  reasons.  The  theory 
itself  appears  to  be  very  tolerably  complete,  and  affords  the  means  of 
calculating  the  results  to  be  expected  in  almost  every  case  of  fluid  motion, 
but  while  in  many  cases  the  theoretical  results  agree  with  those  actually 
obtained,  in  other  cases  they  are  altogether  different. 

If  we  take  a  small  body  such  as  a  raindrop  moving  through  the  air,  the 
theory  gives  us  the  true  law  of  resistance ;  but  if  we  take  a  large  body  such 
as  a  ship  moving  through  the  water,  the  theoretical  law  of  resistance  is 
altogether  out.  And  what  is  the  most  unsatisfactory  part  of  the  matter  is 
that  the  theory  affords  no  clue  to  the  reason  why  it  should  apply  to  the  one 
class  more  than  the  other. 

When,  seven  years  ago,  I  had  the  honour  of  lecturing  in  this  room  on  the 
then  novel  subject  of  vortex  motion,  I  ventured  to  insist  that  the  reason  why 
such  ill  success  had  attended  our  theoretical  efforts  was  because,  owing  to 
•the  uniform  clearness  or  opacity  of  water  and  air,  we  can  see  nothing  of  the 
internal  motion ;  and  while  exhibiting  the  phenomena  of  vortex  rings  in 
water,  rendered  strikingly  apparent  by  partially  colouring  the  water,  but 
otherwise  as  strikingly  invisible,  I  ventured  to  predict  that  the  more  general 
application  of  this  method,  which  I  may  call  the  method  of  colour-bands. 
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would  reveal  clues  to  those  mysteries  of  fluid  motion  which  had   baffled 
philosophy. 

To-night  I  venture  to  claim  what  is  at  all  events  a  partial  verification 
of  that  prediction.  The  fact  that  we  can  see  as  far  into  fluids  as  into  solids 
naturally  raises  the  question  why  the  same  success  should  not  have  been 
obtained  in  the  case  of  the  theory  of  fluids  as  in  that  of  solids  ?  The  answer 
is  plain  enough.  As  a  rule,  there  is  no  internal  motion  in  solid  bodies ;  and 
hence  our  theory  based  on  the  assumption  of  relative  internal  rest  applies  to 
all  cases.  It  is  not,  however,  impossible  that  an,  at  all  events  seemingly, 
solid  body  should  have  internal  motion,  and  a  simple  experiment  will  show 
that  if  a  class  of  such  bodies  existed  they  would  apparently  have  disobeyed 
the  laws  of  motion. 

These  two  wooden  cubes  are  apparently  just  alike,  each  has  a  string  tied 
to  it.  Now,  if  a  ball  is  suspended  by  a  string  you  all  know  that  it  hangs 
vertically  below  the  point  of  suspension  or  swings  like  a  pendulum.  You  see 
this  one  does  so.  The  other  you  see  behaves  quite  diflFerently,  turning 
up  sideways.  The  effect  is  very  striking  so  long  as  you  do  not  know  the 
cause.  There  is  a  heavy  revolving  wheel  inside  which  makes  it  behave  like 
a  top. 

Now  what  I  wish  you  to  see  is,  that  had  such  bodies  been  a  work  of 
nature  so  that  we  could  not  see  what  was  going  on — if,  for  instance,  apples 
were  of  this  nature  while  pears  were  what  they  are — the  laws  of  motion 
would  not  have  been  discovered ;  if  discovered  for  pears  they  would  not 
have  applied  to  apples,  and  so  would  hardly  have  been  thought  satis- 
factory. 

Such  is  the  case  with  fluids:  here  are  two  vessels  of  water  which 
appear  exactly  similar — even  more  so  than  the  solids,  because  you  can  see 
right  through  them — and  there  is  nothing  imreasonable  in  supposing  that 
the  same  laws  of  motion  would  apply  to  both  vessels.  The  application  of 
the  method  of  colour-bands,  however,  reveals  a  secret :  the  water  of  the  one 
is  at  rest,  while  that  in  the  other  is  in  a  high  state  of  agitation. 

I  am  speaking  of  the  two  manners  of  motion  of  water — not  because  there 
are  only  two  motions  possible ;  looked  at  by  their  general  appearance  the 
motions  of  water  are  infinite  in  number;  but  what  it  is  my  object  to  make 
clear  to-night  is  that  all  the  various  phenomena  of  moving  water  may  be 
divided  into  two  broadly  distinct  classes,  not  according  to  what  with  uniform . 
fluids  are  their  apparent  motions,  but  according  to  the  internal  motions 
of  the  fluids,  which  are  invisible  with  clear  fluids,  but  which  become  visible 
with  colour-bands. 

The  phenomena  to  be  shown  will,  I  hope,  have  some  interest  in  them- 
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selves,  but  their  intrinsic  interest  is  as  nothing  compared  to  their  philosophical 
interest.     On  this,  however,  I  can  but  slightly  touch. 

I  have  already  pointed  out  that  the  problems  of  fluid-motion  may  be 
divided  into  two  classes:  those  in  which  the  theoretical  results  agree  with 
the  experimental,  and  those  in  which  they  are  altogether  different.  Now 
what  makes  the  recognition  of  the  two  manners  of  internal  motion  of  fluids 
so  important,  is  that  all  those  problems  to  which  the  theory  fits  belong  to  the 
one  class  of  internal  motions. 

The  point  before  us  to-night  is  simple  enough,  and  may  be  well  expressed 
by  analogy.  Most  of  us  have  more  or  less  familiarity  \^dth  the  motion  of 
troops,  and  we  can  well  understand  that  there  exists  a  science  of  military 
tactics  which  treats  of  the  best  manoeuvres  and  evolutions  to  meet  particular 
circumstances. 

Suppose  this  science  proceeds  on  the  assumption  that  the  discipline  of 
the  troops  is  perfect,  and  hence  takes  no  account  of  such  moral  effects  as  may 
be  produced  by  the  presence  of  an  enemy. 

Such  a  theory  would  stand  in  the  same  relation  to  the  movements  of 
troops,  as  that  of  hydrodynamics  does  to  the  movements  of  water.  For 
although  only  the  disciplined  motion  is  recognised  in  military  tactics,  troops 
have  another  manner  of  motion  when  anything  disturbs  their  order.  And 
this  is  precisely  how  it  is  with  water:  it  will  move  in  a  perfectly  direct 
disciplined  manner  under  some  circumstances,  while  under  others  it  becomes 
a  mass  of  eddies  and  cross  streams,  which  may  be  well  likened  to  the  motion 
of  a  whirling,  struggling  mob  where  each  individual  particle  is  obstructing 
the  others. 

Nor  does  the  analogy  end  here:  the  circumstances  which  determine 
whether  the  motion  of  troops  shall  be  a  march  or  a  scramble,  are  closely 
analogous  to  those  which  determine  whether  the  motion  of  water  shall  be 
direct  or  sinuous. 

In  both  cases  there  is  a  certain  influence  necessary  for  order :  with  troops 
it  is  discipline ;  with  water  it  is  viscosity  or  treacliness. 

The  better  the  discipline  of  the  troops,  or  the  more  treacly  the  fluid,  the 
less  likely  is  steady  motion  to  be  disturbed  under  any  circumstances.  On  the 
other  hand,  speed  and  size  are  in  both  cases  influences  conducive  to  un- 
steadiness. The  larger  the  army,  and  the  more  rapid  the  evolutions,  the 
greater  the  chance  of  disorder ;  so  with  fluid,  the  larger  the  channel,  and  the 
greater  the  velocity,  the  more  chance  of  eddies. 

With  troops  some  evolutions  are  much  more  difficult  to  efiect  with 
steadiness  than  others,  and  some  evolutions  which  would  be  perfectly  safe 
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on  parade,  would  be  sheer  madness  in  the  presence  of  an  enemy.     So  it  is 
with  water. 

One  of  my  chief  objects  in  introducing  this  analogy  of  the  troops  is  to 
emphasise  the  fact,  that  even  while  executing  manoeuvres  in  a  steady  manner, 
there  may  be  a  fundamental  difference  in  the  condition  of  the  fluid.  This  is 
easily  realised  in  the  case  of  troops.  Difficult  aud  easy  manoeuvres  may  be 
executed  in  equally  steady  manners  if  all  goes  well,  but  the  conditions  of  the 
moving  troops  are  essentially  different.  For  while  in  the  one  case  any  slight 
disarrangement  would  be  easily  rectified,  in  the  other  it  would  inevitably  lead 
to  a  scramble.  The  source  of  such  a  change  in  the  manner  of  motion  under 
such  circumstances,  may  be  ascribed  either  to  the  delicacy  of  the  manoeuvre, 
or  to  the  upsetting  disturbance,  but  as  a  matter  of  fact,  both  of  these 
causes  are  necessary.  In  the  case  of  extreme  delicacy  an  indefinitely 
small  disturbance,  such  as  is  always  to  be  counted  on,  will  effect  the 
change. 

Under  these  circumstances  we  may  well  describe  the  condition  of  the 
troops  in  the  simple  manoeuvre  as  stable,  while  that  in  the  delicate  man- 
oeuvre is  uustable,  i.e,  will  break  down  on  the  smallest  disarrangement. 
The  small  disarrangement  is  the  immediate  source  of  the  break -down  in  the 
same  sense  as  the  sound  of  a  voice  is  sometimes  the  cause  of  an  avalanche ; 
but  if  we  regard  such  disarrangement  as  certain  to  occur,  then  the  source  of 
the  disturbance  is  a  condition  of  instability. 

All  this  is  exactly  true  for  the  motion  of  water.  Supposing  no  disarrange- 
ment, the  water  would  move  in  the  manner  indicated  in  theory  just  as,  if 
there  is  no  disturbance,  an  egg  will  stand  on  its  end  ;  but  as  there  is  always 
slight  disturbance,  it  is  only  when  the  condition  of  steady  motion  is  more  or 
less  stable  that  it  can  exist.  In  addition  then  to  the  theories  either  of  military 
tactics  or  of  hydrodynamics,  it  is  necessary  to  know  under  what  circum- 
stances the  manoeuvres  of  which  they  treat  are  stable  or  unstable.  And  it 
is  in  definitely  separating  these  conditions  that  the  method  of  colour-bands 
has  done  good  service  which  will  remove  the  discredit  in  which  the  theory  of 
hydrodynamics  has  been  held. 

In  the  first  place,  it  has  shown  that  the  property  of  viscosity  or  treacliness, 
possessed  more  or  less  by  all  fluids,  is  the  general  influence  conclusive  to 
steadiness,  while,  on  the  other  hand,  space  and  velocity  are  the  counter 
influence ;  and  the  effect  of  these  influences  is  subject  to  one  perfectly 
definite  law,  which  is  that  a  particular  evolution  becomes  unstable  for  a 
definite  value  of  the  viscosity  divided  by  the  product  of  the  velocity  and 
space.  This  law  explains  a  vast  number  of  phenomena  which  have  hitherto 
appeared  paradoxical.  One  general  conclusion  is,  that  with  sufficiently  slow 
motion  all  manners  of  motion  are  stable. 
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The  eflFect  of  viscosity  is  well  shown  by  introduciDg  a  band  of  coloured 
water  across  a  beaker  filled  with  clear  water  at  rest.  Now  the  water  is  quite 
still,  I  turn  the  beaker  round  about  its  axis.  The  glass  turns  but  not  the 
water,  except  that  which  is  close  to  the  glass.  The  coloured  water  which  is 
close  to  the  glass  is  drawn  out  into  what  looks  like  a  long  smear,  but  it  is 
not  a  smear,  it  is  simply  a  colour-band  extending  from  the  point  in  which  the 
colour  touched  the  glass  in  a  spiral  manner  inwards,  showing  that  the 
viscosity  was  slowly  communicating  the  motion  of  the  glass  to  the  water 
within.  To  prove  this  I  have  only  to  turn  the  beaker  back,  and  the  colour- 
band  assumes  its  radial  position.  Throughout  this  evolution  the  motion  has 
been  quite  steady — quite  according  to  the  theory. 

When  water  flows  steadily  it  flows  in  streams.  Water  flowing  along  a  pipe 
is  such  a  stream  bounded  by  the  solid  surface  of  the  pipe,  but  if  the  water 
be  flowing  steadily  we  can  imagine  the  water  to  be  divided  by  ideal  tubes 
into  a  fagot  of  indefinitely  small  streams,  any  of  which  may  be  coloured 
without  altering  its  motion,  just  as  one  column  of  infantry  may  be  distin- 
guished from  another  by  colour. 

If  there  is  internal  motion,  it  is  clear  that  we  cannot  consider  the  whole 
stream  bounded  by  the  pipe  as  a  fagot  of  elementary  streams,  as  the  water  is 
continually  crossing  the  pipe  from  one  side  to  the  other,  any  more  than  we 
can  distinguish  the  streaks  of  colour  in  a  human  stream  in  the  corridor  of 
a  theatre. 

Solid  walls  are  not  necessary  to  form  a  stream :  the  jet  from  a  fire  hose, 
the  falls  of  Niagara,  are  streams  bounded  by  a  free  surface. 

A  river  is  a  stream  half  bounded  by  a  solid  surface. 

Streams  may  be  parallel,  as  in  a  pipe ;  converging,  as  in  a  conical  mouth- 
piece ;  or  when  the  motion  is  reversed,  diverging.  Moreover,  the  streams 
may  be  straight  or  curved. 

All  these  circumstances  have  their  influence  on  stability  in  a  manner 
which  is  indicated  in  the  accompanying  table : — 

Circumstances  conducive  to 


Direct  or  Steady  Motion. 

1.  Viscosity  or  fluid  friction  which 

continually  destroys  disturb- 
ances. 
(Treacle  is  steadier  than  water.) 

2.  A  free  surface. 

3.  Converging  solid  boundaries. 

4.  Curvature   with    the   velocity 

greatest  on  the  outside. 


Sinuous  or  Unsteady  Motion. 

5.  Particular  variation  of  velocity 

across  the  stream,  as  when  a 
stream  flows  through  still 
water. 

6.  Solid  bounding  walls. 

7.  Diverging  solid  boundaries. 

8.  Curvature    with    the    velocity 

greatest  on  the  inside. 
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It  has  for  a  long  time  been  noticed  that  a  stream  of  fluid  through  fluid 
otherwise  at  rest  is  in  an  unstable  condition.  It  is  this  instability  which 
gives  rise  to  the  talking-flame  and  sensitive-jet  with  which  you  have  been 
long  familiar  in  this  room.  I  have  here  a  glass  vessel  of  clear  water  in 
front  of  the  lantern,  so  that  any  colour- bands  will  be  projected  on  the 
screen. 

You  see  the  ends  of  two  vertical  tubes  one  above  the  other.  Nothing 
is  flowing  through  these  tubes,  and  the  water  in  the  vessel  is  at  rest.  I  now 
open  two  taps,  so  as  to  allow  a  steady  stream  of  coloured  water  to  enter  at 
the  lower  pipe,  water  flowing  out  at  the  upper.  The  water  enters  quite 
steadily,  forms  a  sort  of  vortex  ring  at  the  end  which  proceeds  across  the 
vessel,  and  passes  out  at  the  lower  tube.  Now  the  coloured  stream  extends 
straight  across  the  vessel,  and  fills  both  pipes.  You  see  no  motion  ;  it  looks 
like  a  glass  rod.  The  water  is,  however,  flowing  slowly  along  it.  The 
motion  is  so  slow,  that  the  viscosity  is  paramount,  and  hence  the  stream 
is  steady. 

I  increase  the  speed ;  you  see  a  certain  wriggling  sinuous  action  in  the 
column  ;  faster,  the  column  breaks  up  into  beautiful  and  well-defined  eddies, 
and  spreads  out  into  the  surrounding  water,  which,  becoming  opaque  with 
colour,  gradually  draws  a  veil  over  the  experiment. 

The  same  is  true  of  all  streams  bounded  by  standing  water.  If  the 
motion  is  sufficiently  slow,  according  to  the  size  of  the  stream  and  the 
viscosity  of  the  fluid,  it  is  steady  and  stable.  At  a  certain  critical  velocity, 
which  is  determined  by  the  ratio  of  the  viscosity  to  the  diameter  of  the 
stream,  the  stream  becomes  unstable.  Under  any  conditions,  then,  which 
involve  a  stream  flowing  through  surrounding  water,  the  motion  will  be 
unstable  if  the  velocity  is  sufficient. 

Now,  07i€  of  the  most  marked  facts  relating  to  experimental  hydro- 
dynamics is  the  difference  in  the  way  in  which  water  flows  along  contract- 
ing and  expanding  channels ;  these  include  an  enormously  large  class  of  the 
motions  of  water,  but  a  typical  phenomenon  is  shown  by  the  simple  conical 
tubes.  Such  a  tube  is  now  projected  on  the  screen ;  it  is  surrounded  with 
clear  still  water.  The  mouth  of  the  tube  at  which  the  water  enters  is  the 
largest  part,  and  it  contracts  uniformly  for  some  way  down  the  channel,  then 
the  tube  expands  again  gradually  until  it  is  nearly  as  large  as  at  the  mouth, 
and  then  again  contracts  to  the  tube  necessary  to  discharge  the  water. 
I  draw  water  through  the  tube,  but  you  see  nothing  as  to  what  is  going  on. 
I  now  colour  cme  of  the  elementary  streams  outside  the  mouth  ;  this  colour- 
band  is  drawn  in  with  the  surrounding  water,  and  will  show  us  what  is  going 
on.  It  enters  quite  steadily,  preserving  its  clear  streak-like  character  until  it 
has  reached  the  neck  where  convergence  ceases ;  now  the  moment  it  enters 
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the  expanding  tube  it  is  altogether  broken  up  into  eddies.     Thus  the  motion 
is  direct  in  the  contracting  tube,  sinuous  in  the  expanding. 

The  hydrodynamical  theory  affords  no  clue  to  the  cause  why ;  and  even 
by  the  method  of  colour-bands  the  reason  for  the  sinuosity  is  not  at  once 
obvious.  If  we  start  the  current  suddenly,  the  motion  is  at  first  the  same  in 
both  tubes,  its  change  in  the  expanding  pipe  seemed  to  imply  that  here  the 
motion  was  unstable.  If  so,  this  ought  to  appear  from  the  equations  oi 
motion.  With  this  view  this  case  was  studied,  I  am  ashamed  to  say  how 
long,  without  any  light.  I  then  had  recourse  to  the  colour-bands  again,  to 
try  and  see  how  the  phenomena  came  on.  It  all  then  became  clear :  there  is 
an  intermediate  stage.  When  the  tap  is  opened,  the  immediately  ensuing 
motion  is  nearly  the  same  in  both  parts ;  but  while  that  in  the  contracting 
portion  maintains  its  character,  that  in  the  expanding  portion  changes  its 
character.  A  vortex  ring  is  formed  which,  moving  forward,  leaves  the  motion 
behind  that  of  a  parallel  stream  through  the  surrounding  water. 

If  the  motion  be  sufficiently  slow,  as  it  is  now,  this  stream  is  stable,  as 
already  explained.  We  thus  have  steady  or  direct  motion  in  both  the  con- 
tracting and  expanding  parts  of  the  tube,  but  the  two  motions  are  not 
similar:  the  first  being  one  of  a  fagot  of  similar  elementary  contracting 
streams,  the  latter  being  that  of  one  parallel  stream  through  the  surround- 
ing fluid.  The  first  of  these  is  a  stable  form ;  the  second  an  unstable  form, 
and,  on  increasing  the  velocity,  the  first  remains,  while  the  second  breaks 
down ;  and  we  have,  as  before,  the  expanding  part  filled  with  eddies. 

This  experiment  is  typical  of  a  large  class  of  motions.  Wherever  fluid 
flows  through  a  narrow,  as  it  approaches  the  neck  it  is  steady,  after  passing, 
it  is  sinuous.  The  same  effect  is  produced  by  an  obstacle  in  the  middle  of  a 
stream ;  and  very  nearly  the  same  thing  by  the  motion  of  a  solid  object 
through  the  water. 

You  see  projected  on  the  screen  an  object  not  unlike  a  ship.  Here 
the  ship  is  fixed,  and  the  water  flowing  past  it;  but  the  effect  would  be 
the  same  if  we  had  the  ship  moving  through  the  water.  In  the  front  of 
the  ship  the  stream  is  steady,  and  so  till  it  has  passed  the  middle,  then  you 
see  the  eddies  formed  behind  the  ship.  It  is  these  eddies  which  account  for 
the  discrepancy  between  the  actual  and  theoretical  resistance  of  ships.  We 
see,  then,  that  the  motion  in  the  expanding  channel  is  sinuous  because  the 
only  steady  motion  is  that  of  a  stream  through  water.  Numerous  cases 
in  which  the  motion  is  sinuous  may  be  explained  in  the  same  way,  but 
not  all. 

If  we  have  a  perfectly  parallel  channel,  neither  contracting  nor  expand- 
ing, the  steady  moving  stream  will  be  a  fagot  of  perfectly  steady  parallel 
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elementary  streams  all  in  motion,  but  moving  fastest  at  the  centre.  Here  we 
have  no  stream  through  steady  water.  Now  when  this  investigation  began  it 
was  not  known,  or  imperfectly  known,  whether  such  a  stream  was  stable  or  not, 
but  there  was  a  well-known  anomaly  in  the  resistance  to  motion  in  parallel 
channels.  In  rivers,  and  all  pipes  of  sensible  size,  experience  had  shown 
that  the  resistance  increased  as  the  square  of  the  velocity,  whereas  in  very 
small  pipes,  such  as  represent  the  smaller  veins  in  animals,  Poiseuille  had 
proved  the  resistance  increased  as  the  velocity. 

Now  since  the  resistance  would  be  as  the  square  of  the  velocity  with 
sinuous  motion,  and  as  the  velocity,  if  direct,  it  seemed  that  the  discrepancy 
could  be  accounted  for  if  the  motion  could  be  shown  to  become  unstable  for  a 
sufficiently  large  velocity.  This  suggested  the  experiment  I  am  now  about 
to  produce  before  you. 

You  see  on  the  screen  a  pipe  with  its  end  open.  It  is  surrounded  by 
clear  water,  and  by  opening  a  tap  I  can  draw  water  through  it.  This  makes 
no  difference  to  the  appearance,  until  I  colour  one  of  the  elementary  streams, 
when  you  see  a  beautiful  streak  of  colour  extend  all  along  the  pipe.  The 
stream  has  so  far  been  running  steadily,  and  appears  quite  stable.  I  now 
merely  increase  the  speed ;  it  is  still  steady,  but  the  colour-band  is  drawn 
down  fine.  I  increase  the  colour  and  then  again  increase  the  speed.  Now 
you  see  the  colour-band  at  first  vibrates  and  then  mixes  so  as  to  fill  the  tube. 
This  is  at  a  definite  velocity ;  if  the  velocity  be  diminished  ever  so  little  the 
band  becomes  straight  and  clear;  increase  it  again,  it  breaks  up.  This 
critical  speed  depends  on  the  size  of  the  tube  in  the  exact  inverse  ratio ;  the 
smaller  the  tube,  the  greater  the  velocity ;  also,  the  more  viscous  the  water 
the  greater  the  velocity. 

We  have  then  not  only  a  complete  explanation  of  the  difference  in  the 
laws  of  resistance  generally  experienced,  and  that  found  by  Poiseuille,  but 
also  we  have  complete  evidence  of  the  instability  of  parallel  streams  flowing 
between  or  over  solid  surfaces.  The  cause  of  the  instability  is  as  yet  not 
explained,  but  this  much  can  be  shown,  that  whereas  lateral  stiffness  in  the 
walls  is  unimportant,  inextensibility  or  tangential  rigidity  is  essential  to  the 
creation  of  eddies.  I  cannot  show  you  thLs,  because  the  only  way  in  which 
we  can  produce  the  necessary  conditions  without  a  solid  channel,  is  by  a  wind 
blowing  over  water.  When  the  wind  blows  over  water,  it  imparts  motion 
to  the  surface  of  the  water  just  as  a  moving  solid  surface ;  moving  in  this 
way,  however,  the  water  is  not  susceptible  of  eddies.  It  is  unstable,  but  the 
result  of  disturbance  is  waves.  This  is  proved  by  an  experiment  long  known, 
but  which  has  recently  attracted  considerable  notice.  If  oil  be  put  on  the 
surface  it  spreads  out  into  an  indefinitely  thin  sheet  which  possesses  only 
one  of  the  characteristics  of  a  solid  surface,  it  offers  resistance,  very  slight, 
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but  still  resistance  to  extension  and  contraction.  This,  however,  is  sufficient 
to  entirely  alter  the  character  of  the  motion.  It  renders  the  water  unstable 
internally,  and  instead  of  waves,  what  the  wind  does  is  to  produce  eddies 
beneath  the  surface.  This  has  been  proved,  although  I  cannot  show  you  the 
experiments. 

To  those  who  have  observed  the  phenomena  of  oil  preventing  waves,  there 
is  probably  nothing  more  striking  throughout  the  region  of  mechanics.  A 
film  of  oil  so  thin  that  we  have  no  means  of  illustrating  its  thickness,  and 
which  cannot  be  perceived  except  by  its  eflFect — which  possesses  no 
mechanical  properties  that  can  be  made  apparent  to  our  senses — is  yet  able 
to  entirely  prevent  an  action  which  involves  forces  the  strongest  we  can  con- 
ceive, which  upset  our  ships  and  destroy  our  coasts.  This,  however,  becomes 
intelligible  when  we  perceive  that  the  action  of  the  oil  is  not  to  calm  the  sea 
by  sheer  force,  but  merely,  as  by  its  moral  force,  to  alter  the  manner  of  motion 
produced  by  the  action  of  the  wind,  from  that  of  the  terrible  waves  upon  the 
surface,  into  the  harmless  eddies  below.  The  wind  throws  the  water  into  a 
highly  unstable  condition,  into  what  morally  we  should  call  a  condition  of 
great  excitement.  The  oil  by  an  influence  we  cannot  perceive  directs  this 
excitement. 

This  influence,  though  insensibly  small,  is  however  now  proved  of  a 
mechanical  kind,  and  to  me  it  seems  that  the  phenomenon  of  one  of  the 
most  powerful  mechanical  actions  of  which  the  forces  of  nature  are  capable, 
being  entirely  controlled  by  a  mechanical  force  so  slight  as  to  be  other- 
wise quite  imperceptible,  does  away  with  every  argument  against  the  strictly 
mechanical  sources  of  what  we  may  call  mental  and  moral  forces. 

But  to  return  to  the  instability  in  parallel  channels.  This  has  been  the 
most  complete,  as  well  as  the  most  definite  result  of  the  colour- bands. 

The  circumstances  are  such  as  to  render  definite  experiments  possible. 
These  have  been  made,  and  reveal  a  definite  law  of  the  instability,  which  law 
has  been  tested  by  reference  to  all  the  numerous  and  important  experiments 
on  the  resistance  in  channels  by  previous  observers ;  whereupon  it  is  found 
that  waters  behave  in  exactly  the  same  manner  whether  the  channel,  as 
in  Poiseuille's  experiment,  is  of  the  dimensions  of  a  hair,  or  whether  it  be  the 
size  of  a  water  main  or  of  the  Mississippi ;  the  only  difference  being  that  in 
order  that  the  motions  may  be  compared,  the  velocity  must  be  inversely  as 
the  diameter  of  the  pipe.  But  this  is  not  the  only  point  explained  if  we 
consider  other  fluids  than  water.  Some  fluids,  like  oil  or  treacle,  apparently 
flow  more  slowly  and  steadily  than  water.  This,  however,  is  only  in  smaller 
channels;  the  critical  velocity  increases  with  the  viscosity  of  the  fluid. 
Thus,  while  water  in  comparatively  large  streams  is  always  above  its  critical 
velocity,  and  the  motion  always  sinuous,  the  motion  of  treacle  in  streams 
of  such  size  as  we  see  is  below  its  critical  velocity,  and  the  motion  direct. 

O.  R.   II.  11 
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But  if  nature  had  produced  rivers  of  treacle  the  size  of  the  Thames,  for 
instaDce,  the  treacle  would  have  flowed  just  like  water.  Thus,  in  the  lava 
streams  from  a  volcano,  although  looked  at  close  the  lava  has  the  consistence 
of  a  pudding,  in  the  large  and  rapid  streams  down  the  mountain  sides  the 
lava  flows  as  freely  as  water. 

I  have  now  only  one  circumstance  left  to  which  to  ask  your  attention. 
This  is  the  effect  of  the  curvature  of  the  stream  on  the  stability  of  the 
fluid. 

Here  again  we  see  the  whole  effect  altered  by  very  slight  causes. 

If  water  be  flowing  in  a  bent  channel  in  steady  streams,  the  question  as 
to  whether  it  will  be  stable  or  not  turns  on  the  variation  in  the  velocity  firom 
the  inside  to  the  outside  of  the  stream. 

In  front  of  the  lantern  is  a  cylinder  with  glass  ends,  so  that  the  light 
passes  through  in  the  direction  of  the  axis.  The  disk  of  light  on  the  screen 
being  the  light  which  passes  through  this  water,  and  is  bounded  by  the 
circular  walls  of  the  cylinder. 

By  means  of  two  tubes  temporarily  attached,  a  stream  of  coloured  water 
is  introduced  right  across  the  cylinder  extending  from  wall  to  wall;  the 
motion  is  very  slow,  and  the  taps  being  closed,  and  the  tubes  removed,  the 
colour-band  is  practically  stationary.  The  vessel  is  now  caused  to  revolve 
about  its  axis.  At  first,  only  the  walls  of  the  cylinder  move,  but  the  colour- 
band  shows  that  the  water  gradually  takes  up  the  motion,  the  streak  being 
wound  off  at  the  ends  into  a  spiral  thread,  but  otherwise  remaining  still  and 
vertical.  When  the  spirals  meet  in  the  middle,  the  whole  water  is  in  motion, 
but  the  motion  is  greatest  at  the  outside,  and  is  therefore  stable.  The 
vessel  stops,  and  gradually  stops  the  water,  beginning  at  the  outside.  If  the 
motion  remained  steady,  the  spirals  would  unwind,  and  the  streak  be  restored. 
But  the  motion  being  slowest  at  the  outside  against  the  surface,  you  see 
eddies  form,  breaking  up  the  spirals  for  a  certain  distance  towards  the  middle, 
but  leaving  the  middle  revolving  steadily. 

Besides  indicating  the  effect  of  curvature,  this  experiment  really  illustrates 
the  action  of  the  surface  of  the  earth  on  the  air  moving  over  it;  the  varying 
temperature  having  much  the  same  influence  as  the  curvature  of  the  vessel 
on  stability.  The  air  is  unstable  for  a  few  thousand  feet  above  the  surface, 
and  the  motion  is  sinuous,  resulting  in  the  mixing  of  the  strata,  and  pro- 
ducing the  heavy  cumulus  clouds ;  but  above  this  the  influence  of  temperature 
predominates,  and  clouds,  if  there  are  any,  arc  of  the  stratus-form,  like  the 
inner  spirals  of  colour.  But  it  was  not  the  intention  of  this  lecture  to  trace 
the  two  manners  of  motion  of  fluids  in  the  phenomena  of  Nature  and  Art,  so 
I  thank  you  for  your  attention. 


49. 

ON  THE  THEORY  OF  THE  STEAM-ENGINE  INDICATOR* 
[From  the  "Proceedings  of  the  Institution  of  Civil  Engineers,  1885."] 


"ON   THE  THEORY  OF  THE  STEAM-ENGINE  INDICATOR 
AND  THE  ERRORS  IN  INDICATOR-DIAGRAMS." 

By  Osborne  Reynolds,   M.A.,  LL.D.,  F.R.S.,  M.  Inst.  C.E. 

Section  I. — Introduction. 

In  1856  Him  published  an  experimental  comparison  of  the  indicated 
work,  with  the  work  done  on  the  brake,  and  came  to  the  conclusion  that, 
whatever  might  be  the  cause,  the  indicated  work  was  too  small,  being  only 
just  equal  to  the  brake-work,  leaving  no  margin  for  the  air-pump  and  the 
firiction  of  the  engine. 

This  conclusion  of  Him's  seems  to  have  excited  little  notice.  Rankine 
mentions  it  in  "  The  Steam-engine,"  but  expresses  doubt  whether  it  accords 
with  subsequent  experience,  particularly  that  of  marine  engines. 

Since  that  time  many  engine-experiments  have  been  made.  It  does  not 
appear,  however,  that  these  have  been  made  with  a  view  to  verify  the 
indicator,  but  rather  that  the  indicator-diagrams  have  been  taken  as  data 
from  which  to  determine  the  efficiency  of  the  engines;  nor  has,  so  far  as 
the  Author  is  aware,  any  definite  theory  of  the  disturbances  to  which  the 
diagram  is  subjected  as  yet  been  published. 

The  importance  of  studying  the  disturbances,  or,  in  other  words,  the 
errors  in  the  diagrams,  becomes  evident,  when  it  is  considered  to  what  an 

*  Joint  paper  with  A.  W.  Brightmore,  D.So. 
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extreme  extent  the  indicator  is  now  trusted  to  give  a  true  measure  of  the 
work  on  the  piston.  In  ninety-nine  cases  out  of  every  hundred,  there  is 
absolutely  no  check  within  20  or  30  per  cent.  In  some  classes  of  engines 
(winding  and  pumping)  the  work  they  are  performing  is  of  a  measurable 
kind,  but  rarely  or  never  is  the  work  measurable  to  within  5  or  10  per  cent 
The  only  work  which  is  definitely  measurable  is  that  done  on  the  friction- 
brake  as  used  by  the  Royal  Agricultural  Society ;  and  even  then,  although 
the  brake  may  give  a  measure  of  the  actual  work  to  within  1  per  cent,  or 
less,  it  does  not  furnish  a  check  on  the  indicator  to  within  from  5  to  20  per 
cent.,  for  between  the  work  measured  by  the  indicator  and  that  measured 
by  the  brake,  is  the  unknown  work  done  in  overcoming  the  resistance  of 
the  engine.  This,  which  varies  from  5  to  20  per  cent.,  is  an  absolutely 
unknown  quantity,  except  in  so  far  as  it  is  found  by  subtracting  the  brake- 
power  from  the  indicated-power,  and  hence  furnishes  no  check  within  its 
own  magnitude  on  these  quantities. 

There  is  thus  absolutely  no  check  on  the  indicator,  which  is  now  made 
the  sole  standard,  not  only  of  the  performance,  but  of  the  value  of  engines. 
Considering  what  this  means  in  mere  money,  where,  as  in  the  case  of  marine 
engines,  large  sums  often  depend  on  a  margin  of  power  which  is  a  veiy 
small  percentage  of  the  whole,  it  becomes  evident  how  important  it  is  that 
the  exact  extent  to  which  these  instruments  can  be  trusted  should  be  well 
known.  Yet,  in  spite  of  Hirn's  warning,  the  results  of  the  indicator  appear 
to  be  accepted  without  question,  solely  on  the  ground  of  their  general 
consistency,  of  the  simplicity  of  its  apparent  action,  and  the  excellence 
of  its  construction. 

On  close  examination,  it  appears  in  this  case,  as  in  others,  that  the 
apparent  simplicity  of  action  is  due  to  the  obscurity  of  certain  facts ;  for 
example,  the  possible  stretching  of  a  piece  of  string;  and  that,  taking  all 
the  circumstances  which  may  affect  the  diagram  into  account,  its  action  is 
by  no  means  a  simple  matter.  It  may  be  that,  in  some  cases,  these  dis- 
regarded circumstances  only  produce  an  inappreciable  effect,  but  even  this 
cannot  be  known  as  long  as  they  are  disregarded. 

The  theory  of  the  indicator  has  now  been  taught  for  many  years  in  the 
engineering  classes  in  Owens  College,  Manchester,  and  the  calculations  to 
a  certain  extent  have  been  verified  by  experiments  on  the  College  engine. 
This  engine,  though  by  no  means  of  a  high  class,  has  been  rendered  well 
adapted  for  this  purpose  by  the  addition  of  a  brake-dynamometer  and 
a  speed-indicator.  It  has  long  been  the  Author's  intention  to  publish  this 
theory,  but  this  has  been  deferred  for  want  of  time  to  make  a  suflficiently 
extensive  series  of  experiments.  Last  year  Mr  Brightmore,  Berkeley 
Fellow   in   Owens   College,   Manchester,    undertook    the    experiments    and 
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carried  them  out  very  successfully.  The  results  of  his  investigation  appear 
to  be  of  considerable  importance,  and  as  their  interpretation  depends  on 
the  theory,  an  account  of  this  is  submitted,  to  be  read  in  conjunction  with 
a  Paper  by  Mr  Brightmore. 

For  the  diagram  to  be  exact,  it  is  necessary — 

1.  That  the  pencil  of  the  indicator  shall,  under  every  change  of 
pressure,  instantly  move  through  a  distance  in  exact  proportion  to  the 
change  of  pressure  in  the  cylinder  of  the  engine. 

2.  That  the  paper  on  which  the  diagram  is  taken  shall  change  its 
position  in  exact  accordance  with  the  change  of  position  of  the  piston  of 
the  engine. 

The  first  of  these  is  accomplished,  so  far  as  it  is  accomplished,  by 
holding  the  piston  of  the  indicator  by  a  spring,  carefully  adjusted,  so  that 
the  deflection  is  proportional  to  the  load ;  and  as  there  is  no  great  difficulty 
in  making  a  spring  such  that  this  proportion  shall  be  maintained  so  long 
as  the  temperature  is  constant,  and  in  making  the  instrument  so  that  the 
temperature  of  the  spring  shall  be  212''  Fahrenheit,  there  is  no  reason  to 
suppose  that  the  indications  of  the  indicator  are  not  within  1  per  cent. 
of  the  forces  at  each  instant  deflecting  the  spring. 

But  in  order  that  these  indications  may  correspond  with  the  pressures 
of  steam,  it  is  necessary  that  there  should  be  no  other  forces  acting  on 
the  spring.  Such  forces,  however,  arise  from  the  inertia  of  the  weights 
to  be  moved  and  the  friction,  notably  that  entailed  by  the  necessity  of 
pressing  the  pencil  on  the  paper. 

In  assuming  the  indicator  as  accurate,  it  is  supposed  that  the  forces 
resulting  frx)m  inertia  and  friction  are  too  small  to  be  perceived;  whether 
this  is  so  or  not,  can  only  be  ascertained  by  considering  these  forces. 

The  second  of  these  conditions  of  exactness  is  accomplished  by  connect- 
ing a  revolving  drum,  by  means  of  mechanism,  with  the  piston  of  the 
engine,  so  that,  if  there  is  no  yielding  in  the  mechanism,  the  drum  will 
revolve  through  distances  exactly  proportional  to  the  distance  moved  by 
the  piston  of  the  engine.  There  is  no  difficulty  in  arranging  mechanism 
which  will  secure  the  corresponding  motion  of  two  bodies,  if  the  forces  can 
be  kept  constant  on  the  mechanism.  This  is  attempted  in  the  indicator 
by  pulling  the  drum  in  one  direction  by  a  spring,  and  connecting  it  with 
the  piston  by  means  of  a  cord  wound  round  the  drum,  so  that  the  spring 
always  keeps  the  string  in  tension.  Since  all  strings — in  fact,  all  matter — 
is  elastic,  in  order  that  the  position  of  the  drum  may  always  correspond 
with  the  position  of  the  engine-piston,  it  is  necessary  that  the  spring  shall 
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exert  a  constant  force  in  all  positions  of  the  drum,  and  that  there  shall  be 
no  other  forces. 

As  a  matter  of  fact,  however,  the  springs  used  do  not  exert  a  constant 
force,  the  force  increasing  as  the  drum  is  moved  against  the  spring;  and 
further,  there  are  forces,  namely,  the  forces  arising  from  the  inertia  of  the 
drum  and  the  friction  of  the  mechanism,  principally  of  the  drum  on  its 
supports.  The  diagram  will,  therefore,  only  be  accurate  in  so  far  as  these 
unequal  forces  are  small;  and  the  eflFect  of  these  forces  can  only  be 
ascertained  after  careful  consideration. 

It  thus  appears  that  there  are  five  principal  causes  of  disturbance ;  two 
of  these  (1)  and  (2)  affect  the  motion  of  the  pencil,  and  three  (3)  (4)  and 
(5)  the  motion  of  the  drum. 

(1)  The  inertia  of  the  piston  of  the  indicator  and  its  attached  weights. 

(2)  The  friction  of  the  pencil  on  the  paper  and  its  attached  mechanism. 

(3)  Varying  action  of  the  spring. 

(4)  Inertia  of  the  drum. 

(5)  Friction  of  the  drum. 

These  will  be  separately  considered. 


Section  II. — Disturbances  on  the  Pencil. 

(1)  The  effect  of  the  inei'tia  of  the  Pencil  and  its  attacfied  Mechanism. — 
This,  although  obvious  enough  in  a  general  way,  presents  the  same  problem 
as  the  planetary  disturbances,  which  can  only  be  definitely  expressed  by 
means  of  some  form  of  mathematics.  As  the  general  solution  of  the 
problem  is  well  known  to  mathematicians,  and  is  unintelligible  to  those 
who  are  not,  it  will  be  best  here  to  omit  all  the  steps,  and  to  proceed  at 
once  to  the  results,  about  which  there  can  be  no  question. 

These  results  may  be  best  expressed  in  symbols,  of  which  the  meaning 
is  as  follows ;  taking  lbs.,  feet,  and  seconds  as  general  units,  then  put — 

i  for  the  indicated  pressure  at  any  instant ; 

p  for  the  actual  pressure  corresponding  to  i ; 

w  for  the  weight  of  any  particular  piece  of  mechanism  attached  to 
the  pencil ; 

r  for  the  ratio  which  the  motion  of  this  weight  bears  to  the  motion 
of  the  piston  of  the  indicator ; 
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W  for  2  (rHu)  where  2  expresses  the  sum  of  all  the  quantities  in  the 
brackets ; 

g  for  32*2,  the  acceleration  of  gravitation ; 

e  for  the  number  of  lbs.  to  the  inch  on  the  diagram ; 

a  for  the  area  of  the  piston  of  the  indicator  in  square  inches ; 

8  for  the  ratio  of  the  motion  of  the  pencil  to  that  of  the  piston  of 
the  indicator. 

In  Richards'  indicator — 

a  =  0-5 ; 

Tr=033; 

5  =  4. 

For  other  indicators  these  may  be  found  by  measurement. 

The  relation  between  i  and  p,  in  so  far  as  it  is  affected  by  inertia,  is 
expressed  by  the  equation — 

12^.^-5^  +  ^^  =  ^^ (^>- 

The  general  solution  to  this  equation  is  well  known,  and  without  going 
into  detail,  it  will  be  sufficient  to  give  the  solution  for  the  case,  which  is, 
N  being  the  number  of  revolutions  of  the  engine  per  minute — 

.-P  =  (l>.-p.)900-f2^|^8m3^<  +  ^8in.^<  +  &c.| 

+  asinyi2p., (2). 

t  expresses  time  in  seconds ; 

Pi  greatest  pressure ; 

Pi  least  back  pressure ; 

Ai,  A2  are  coefficients  depending  on  the  shape  of  the  true  diagram ; 

(7  is  a  constant  depending  on  the  disturbed  state  of  the  pencil. 

From  equation  (2)  it  appears  that  the  effect  of  inertia  is  to  cause  two 
disturbances,  corresponding  to  the  two  terms  on  the  right-hand  side.  These 
may  be  considered  separately. 

The  first  term  has  the  factor 

.     .    27rJV .  ,    -     .    47riV^ .  ,   . 
A,  sm  -g^  t  +  A^  am-^t  +  &c., 

which  will  go  through  a  complete  cycle  when  t  changes  by 

60 

N  ' 


-'t^'^^^sp--"" 
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that  is,  by  the  time  of  revolution  of  the  engine  in  seooiida  TkSm  dfafMibeim 
will  be  the  same  during  each  revolution  of  the  engine,  and  will  be  edled 
the  cyclic  disturbance. 

Given  the  shape  of  the  true  diagrun,  it  woaU  be  ponobte  to  drtennine 
Ai,  ill  so  as  to  find  fix>m  equation  (2)  the  value  of  •*-jp.  But  this  would 
be  a  very  complicated  piece  of  winrk  fiar  such  an  irr^Kukur  curve  as  the 
diagram,  Mtid  as  the  object  is  not  so  much  to  find  the  magnitwla  as  to  find 
when  this  is  small,  it  is  sufficient  to  consider  a  ciieular  or  dliptie  diagiam; 
for  such  a  diagram  it  is  found  that  the  mean  diflforenoe  of  t  and  jp^  written 
f — p,  is  given  by 

*  "'  "  *  12  X  MQoges ^'* 

the  positive  sign  to  be  taken  for  the  forward  stroke  and  the  negaiave  tx 
the  backward. 

If   this  effect  were  large  compared  with  the  mean  msting  pressure 


^  o^,  then  in  all  probability  the  area  as  well  as  tiie  fiMrm  of  a  true 

diagram  would  be  seriously  disturbed ;  but  if  this  effect  is  small,  say  1  per 
cent,  in  the  case  of  the  oval,  it  will  be  small  for  die  true  diagram.  H^ice 
the  increase  of  area  is  less  than  1  per  cent  so  long  as 

12  X  dOOaesg  ^  "'"^' 

and  from  this  it  is  found  that  the  cyclic  disturbance  may  be  1  per  cent, 
for  Richards'  indicator  when  N  and  e  have  the  values  in  Table  I.,  and  as 

this  disturbance  increases  as  — ,  its  possible  values  for  all  other  cases 
may  be  found. 

Table  I. — Engine  Speeds  at  which  the  Enlargement  of  the  Dlagram 
BY  Inertia  becomes  1  per  cent,  with  the  Richards'  Indicator 
USED  IN  THIS  Investigation. 


SoAle  of  Diagram 
in  lbs.  to  an  inoh. 

Nombei  of 
BevolationB. 

20 

166 

30 

203 

40 

237 

50 

262 

60 

288 

70 

312 

80 

332 

90 

352 

100 

371 
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In  the  case  of  the  oval  or  circular  diagram  the  effect  of  this  cyclic 
disturbance  would  be  to  increase  the  vertical  diameter,  as  shown  by  the 
dotted  line  in  Fig.  1.  What  it  would  be  on  the  true  diagram  is  very 
diflScult  to  express,  except  to  say  that  it  would  be  to  round-off  all  comers 
and  increase  its  size  much  in  the  same  way  as  in  the  oval. 

The  second  term  in  equation  (2)  represents  a  disturbance  which  goes 
through  its  cycle  in  an  interval  of  t  seconds,  where 


=  2'^Vi^ 


.(4). 


12ae8g 

This  may  be  called  the  vibratory  disturbance.  The  period  represented  by 
T  is  that  in  which  the  pencil  vibrates  when  disturbed.  Such  disturbances 
are  introduced  by  the  departure  of  the  diagram  from  the  true  ellipse. 


The  result  of  such  disturbance  is  shown  by  the  waving  line  in  Fig.  1. 

The  time  occupied  in  completing  each  one  of  these  waves  as  from  pi  to  p, 
is  constant,  viz.  t  equation  (4). 

Hence  the  number  of  waves  in  a  complete  revolution  is  given  by 

60 

N 


n  =  - 


27r 


V  12ae 


.(5). 
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For  Biohardfl' indicator — 

In  the  diagram,  owing  to  the  oneqnal  motioii  dT  the  ^rag^sie-pBtmi  the 
lengths  of  these  oscillations  increase  from  the  ends  to  the  ooiddla  If, 
however,  a  cirde  be  drawn  on  the  atmoepherio.  line  itB^  hamug  tli»  etkreme 
length  of  the  diagram  as  diameter,  this  may  be  takea  M  weptmmA  the 
crank-dicle  on  the  same  scale  as  AB  represents  the  stroke.  Then  if  the 
points  jpi,  jpb  &c.«  in  which  the  waving  line  cats  the  mma  lin^  aie  first 
projected  perpendicularly  on  to  AB  in  Pi,  Pi  &c.,  and  then  Pu  P*  pxojected 
by  means  of  a  radius  to  represent  the  conneoting^-tod  on  to  the  ctwdE^ciide 
in  the  points  ^,  c^  &c.,  it  will  be  found  that  the  axop  <%^,  <iAi»  era  aU  equal, 
since  the  crank  turns  throu^  equal  arcs  in  equal  times* 

But  for  the  effects  of  friction  these  oscillations,  once  set  up^  woold  go  on 
for  ever;  so  that  even  at  low  speeds  a  fidr  diagram  would  be  impossiMe. 

By  friction  the  oscillations  are  gradually  destroyed,  to  tiiat  they  are 
mijire  or  less  localized  to  the  neighbourhood  of  the  pointi  at  which  they 
are  produced,  t.^.,  the  points  where  the  curvature  ni ^tte^  Itme  dhgiam  is 
sharp,  particularly  at  the  point  of  admission  where  the  Hae  of  pressure 
being  instantaneous  acts  the  part  of  a  live-load,  and  forces  the  pencil  twice 
as  &r  as  it  ought  to  go.    This  sets  up  a  series  of  osdllationa 

It  is  seldom  that  the  time  of  oscillation  is  exactly  commensurable  with 
that  of  revolution,  so  that  if  all  the  oscillations  set  up  in  one  revolution 
are  not  destroyed  by  friction  before  the  revolution  is  complete,  the  pencil  will 
not  describe  the  same  path  in  two  successive  revolutions,  a  fact  fi^uently 
observed  in  diagrams  taken  from  locomotives  at  high  speed. 

The  error  which  these  oscillations  cause  in  the  area  of  the  diagram 
depends  on  their  magnitude,  but  also,  and  to  a  greater  extent,  on  the  small- 
ness  of  n,  the  number  in  a  revolution.  But  the  evil  of  these  oscillations 
is  not  so  much  an  effect  on  the  area,  which,  even  did  they  exist  to  the 
extent  shown  in  Fig.  1,  in  which  n  is  between  six  and  seven,  would  still 
be  small.  It  is  the  disfigurement  and  the  confusion  they  produce  in  the 
diagram  which  limits  the  usefulness  of  the  instrument  to  cases  in  which 
they  can  be  avoided. 

So  long  as  there  are  thirty  of  these  oscillations  in  a  cycle  the  necessaiy 
fluid  friction  of  the  indicator-piston  will  so  far  reduce  them  as  to  render 
a  fair  diagram  possible,  but  when  the  number  approaches  fifteen  it  becomes 
necessary  to  call  in  the  aid  of  considerable  pencil-pressure  to  prevent  their 
destrojring  the  form  of  the  diagram ;  and  when  n  is  as  low  as  ten  it  is  all 
the  pencU  will  do  to  prevent  them  upsetting  the  diagram.      The   Author 
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has  never  been  able  to  produce  a  respectable  diagram  when  the  number  is 
as  low  as  ten,  but  accounts  are  continually  published  in  which  firom  the 
speed  of  the  engine  and  strength  of  the  springs  the  value  of  n  must  be 
below  this.  In  such  cases  the  pressure  of  the  pencil  must  have  been  very 
great,  and  it  becomes  a  question  how  far  this  cure  is  a  less  evil  than  the 
disease. 

(2)  The  Friction  arising  from  the  Pressure  of  the  Pencil, — This  always 
acts  to  oppose  the  motion  of  the  pencil,  and  therefore  renders  it  too  large 
during  expansion  and  exhaust,  and  too  small  during  compression  and 
admission,  and  thus  the  general  effect  is  to  increase  the  size  of  the  diagram. 

In  order  to  understand  this  effect,  it  is  necessary  to  notice  that  this 
ftiction  consists  of  two  parts :  (1)  That  of  the  pencil  on  the  paper.  (2)  That 
of  the  mechanism,  caused  by  sustaining  the  pressure  of  the  pencil. 

The  effect  of  the  actual  friction  of  the  pencil  is  greatly  reduced  by  the 
motion  of  the  paper.  Thus,  if  while  the  drum  is  at  rest,  the  pencil  be 
lifted  quietly  it  will  be  possible  for  friction  to  hold  it  above  or  below  the 
atmospheric-line,  by  a  distance  depending  on  the  pressure.  If,  when  placed 
as  high  or  low  as  it  will  stand,  the  drum  be  moved  by  the  cord,  the  pencil 
at  once  approaches  the  atmospheric-line,  describing  a  line  as  shown  in  Fig.  2 


k 


Fig.  2. 

at  first  sloping  toward  the  atmospheric-line  at  45°,  but  finally  becoming 
parallel.  Fig.  2  represents  the  results  with  a  20-lb.  spring ;  the  distance  at 
starting  was  equal  to  about  4  lbs.,  but  eventually  became  about  ^  lb.,  at 
which  it  remained  constant. 

The  distance  at  starting  represents  the  extreme  friction  of  pencil  and 
mechanism.     The  final  distance  that  of  the  mechanism  alone. 


Fig.  8. 
These  effects  on  the  diagram  are  different.     That  of  the  pencil  causes 
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the  pencil  to  be  belund  its  true  positi^m,  by  a  qwotity  wUeli  vffl  beer  to 
the  extreme  distaiioe,  a  ratio  equal  to  the  sine  id  the  ttwJlfi^^^  of  tiie  enrve 
it  is  ctescribing  at  the  instaat,  to  the  atmospheiMiiia 

The  effeot  of  this  alone  cm  a  reotangnlar  diagiain  would  be  to  nmnd  off 
the  comers  as  in  Fig.  8. 

With  an  early  cat  off,  the  effect  would  be  as  shown  in  FSg.  4. 


9Ss«  4. 

The  fricticm  of  the  mechimiean  causes  th;  pencil  to  be  behind  its  true 
pontion  by  a  nearly  constant  quantity,  and  hence  during  eiqNuosion  and 
exhaust  the  pencil  will  be  too  high,  and  during  oomparessioii  and  admission 
the  pencil  will  be  too  low.  This  is  shown  in  Fig.  5.  Its  effeot  en  the  area 
of  the  diagram  is  therefore  not  very  great. 


Fig.  6. 

The  magnitude  of  these  effects,  taken  together,  ou  the  area  of  the 
diagram,  depends  on  the  construction  of  the  instrument  and  on  pencil- 
pressure.  From  numerous  experiments  with  Richards'  and  Thomson's 
indicators,  it  was  found  that  a  comparatively  slight  alteration  of  pencil- 
pressure  from  that  just  sufficient  to  mark  the  diagram,  would  cause  an 
excess  of  0*5  lb.  during  expansion,  and  an  equal  fall  during  compression. 
While  if  pencil-pressure  were  made  sufficient  to  prevent  serious  oscillations 
when  n=15,  the  mean  acting  pressure  was  affected  by  as  much  as  1'5  lb. 
Thus  it  would  appear  possible  to  make  a  difference  of  as  much  as  5  per  cent, 
in  a  locomotive  in  mid-gear  by  pencil-friction. 

The  conclusions,  then,  as  regards  the  motion  of  the  pencil,  are,  that  the 
general  effects  of  inertia  and  friction  are  both  to  increase  the  size  of  the 
diagram ;  that  so  long  as  the  speeds  are  such  that  n  is  not  greater  than  15, 
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the  effect  of  inertia  is  less  than  1  per  cent.,  but  that  if  n  is  less  than  30, 
oscillations  will  show  themselves  unless  the  pencil-friction  be  increased. 
They  may,  by  this,  be  kept  down  till  n  =  15,  but  not  farther,  and  then  the 
necessary  friction  will  affect  the  area  of  the  diagram  about  5  per  cent.  A 
speed,  therefore,  which  makes  n  =  15  is  about  the  limiting  speed  at  which 
diagrams  can  be  taken  accurate  to  5  per  cent.,  while  for  the  diagrams  to  be 
sensibly  accurate  and  free  from  oscillation  the  speeds  must  not  be  greater 
than  will  make  n  =  30. 

These  speeds  for  Richards*  indicators  are  given  in  Table  II. 


Table  II. 

N 

e 

n=80 

n=15 

20 

69 

138 

30 

85 

170 

40 

99 

198 

60 

105 

210 

60 

120 

240 

70 

130 

260 

80 

139 

278 

90 

147 

294 

LOO 

155 

310 

Section  III. — Disturbances  on  the  Drum. 

These  are  the  disturbances  (3),  (4),  (5),  section  (1).  They  arise  from  the 
elasticity  of  the  cord  and  mechanism  connecting  the  drum  with  the  piston  of 
the  engine.     In  order  to  express  them  definitely — 

I  is  the  indicated  length  of  the  diagram  in  inches ; 

y     the  yielding  of  the  mechanism  in  inches  per  lb.  of  the  tension ; 

/     the  moment  of  inertia  of  the  drum. 

(3)  The  Inertia  of  the  Drum. — If  the  obliquity  of  the  connecting-rod  of 
the  engine  be  disregarded,  and  x  be  put  for  the  distance  OP  (Fig.  1),  the 
force  arising  from  inertia  is  proportional  to  N^x  and  the  disturbance  arising 
from  this  cause  will  be  yIN*x.  And  as  x  will  be  positive  or  negative  ac- 
cording as  P  is  to  the  right  or  left  of  0,  the  diagram  will  be  uniformly 
elongated. 

The  effect  of  the  obliquity  of  the  connecting-rod  would  be  to  increase 
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this  elongation  at  the  back-end  and  diiaiuiiih  it  at  the  fmnt,  in^reaskg  the 
area  of  the  back-end  diagiam,  and  dittiiiii^hing  Ihat  of  the  front  somewhat.  ^ 
bnt  it  is  small  imlees  the  eonneoting  rod  in  very  uhort  | 

(4)    The  effect  qf  tke  vartfing  mffffme  ef  tt#J%if^  9  be  tiie 

difference  of  tenmra  of  the  spring  at  the  ei^tiwifi  J9^  qf  the  diagram. 
Then  the  disturbance  of  the  point  P  will  be 


This  effect  is  therefore  opposite  to  that  of  (3),  and  the  ^»nt  ^Bfoet  will  be 

and  since  IN^  will  be  zero  at  small  speeds,  and  it  increases  as  tiie  square  of 
the  speed,  when  the  speed  k  low  the  diagram  will  lie  gy  too  short,  but  as  the 

speed  increases  this  shortening  will  diminish  until  at  some  speed  IN^^j, 

and  for  higher  speeds  the  diagram  will  be  elongited.  With  the  BichardB' 
indicator,  the  critical  speed  appears  to  be  160»if.  In  most  diagrams  these 
effects  are  apparent,  but,  except  when  the  connecting-rod  is  shorty  they  do 
not  affect  the  indicated  pressure. 

(6)    The  effect  of  the  Friction  of  the  Drum. — Let  F  be  the  tension  on  the 

string  necessary  to  overcome  the  friction  of  the  drum  in  either  direction. 

Then  during  the  forward  stroke  the  string  will  be  stretched  from  this 
cause  yF,  and  during  the  backward  stroke  it  will  be  shortened  j/F,  The 
effect  will  be  to  place  the  drum  always  behind  its  true  position  by  yF.  This 
is  shown  in  Fig.  6. 

AC1C2,  &c.  represent  the  positions  of  the  crank  on  its  circle,  as  explained 
in  reference  to  Fig.  1;  but  in  this  case  CiC,,  &c.  are  chosen  so  as  to  correspond 
with  the  equidistant  positions  of  the  piston.  Projecting  c^Ct  with  the  con- 
necting-rod as  radius  on  to  the  atmospheric-line  the  points  are  obtained  in 
which,  for  a  true  diagram,  the  pencil  would  be  when  the  crank  was  in  the 
positions  CiC,,  &c.,  but  owing  to  the  cause  under  consideration,  as  the  crank 
moves  from  A  towards  J5,  the  pencil  will  be  (at  the  points  9 )  at  a  distance 
Fy  behind  its  true  position,  and  from  J5  to  -4  (at  the  points  4)  Fy  behind 
its  true  position. 

When  the  crank  arrives  at  A  from  B  the  pencil  will  not,  as  it  should, 
arrive  at  -4,  but  at  the  point  (marked  4-4)  distant  Fy  towards  B,  This  is 
the  end  of  the  indicated  stroke,  and  here  the  drum  will  remain  until  the 
piston  has  reversed  its  position  (with  regard  to  4  A),  that  is,  until  the  crank 
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has  reached  A' ;  hence,  as  the  crank  moves  from  A  to  A\  the  drum  will  be 
stationary,  and  then  move  otf  distant  Fy  behinds  its  true  position,  which 


distance  it  will  maintain  until  the  crank  reaches  B,  when  the  drum  will 
again  rest  (at  9  B)  until  the  crank  has  reached  B\  when  it  will  again  start 
towards  A  distant  Fy  behind  its  true  position. 

The  eflFect  of  this  disturbance  on  a  diagram  is  very  great. 

In  the  first  place,  it  must  be  noticed  that,  supposing  y  the  same,  i.e.,  the 
length  of  cord  used  the  same,  the  effect  will  be  the  same  on  both  diagrams. 
In  starting  from  either  end  the  drum  does  not  move  until  the  engine-piston 
has  moved  through  a  distance  Fy,  and  the  crank  has  moved  through  AA' 
or  BS y  so  that,  however  the  pencil  of  the  indicator  may  have  been  moved, 
in  this  interval  it  will  merely  describe  a  vertical  line  (a  very  common  feature 
of  diagrams).  For  the  rest  of  the  motion  the  drum  will  move  at  a  constant 
distance  behind  its  true  position,  so  that  the  two  halves  of  the  diagram  will 
be  of  the  right  shape,  but  wrongly  placed  with  regard  to  each  other.  If, 
then,  the  pressure  at  the  ends  of  the  true  diagram  rose  and  fell  instan- 
taneously, so  that  the  extreme  ends  are  vertical,  as  shown  by  the  line  ACBD 
in  Fig.  7,  the  indicated  diagram  AVBU  would  be  obtained  from  the  true 
diagram  by  simply  giving  a  horizontal  shift  (as  in  Fig.  7)  A  A'  =  2Fy  to  the 
lower  half  of  the  diagram-line  ADB, 

The  apparent  cut-oflF  is  then  shortened  by 

AA'=:2yF (6). 

The  diagram  is  shortened  by  2yF, 
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The  area  is  diminished  by 
and  patting  ««^  SB  area  p 


Fig.  7. 
The  eflfect/on  p^  or  p^^i^-^f,  is  given  by 


.(7). 


It  is  thus  seen  that /increases  with  the  expansion  and  oompiessioii,  and. 
is  zero  when  these  are  zero. 

This  eflFect  of  the  friction  of  the  drum  appears  to  be  so  important,  and 
to  have  been  so  entirely  unperceived,  that  it  may  be  well  to  introduce  a 
short  discussion  of  the  circumstances  on  which  it  depends,  and  on  its  effects. 

The  circumstances  are  the  elasticity  of  the  cord  and  the  friction  of  the 
drum,  and  the  important  question  is,  how  far  these  exist  in  the  ordinary 
indicators  ?  In  answer  to  this,  it  may  be  said  that  the  diagrams,  which  led 
to  the  discovery  of  this  effect,  were  taken  with  an  indicator  which  had  been 
in  constant  use  for  several  years.  It  was  in  apparently  perfect  condition, 
and  the  diagrams  did  not  differ  essentially  from  those  which  had  been 
previously  taken.  The  cord  was  one  which  was  supplied  by  the  maker. 
The  manner  of  the  discovery  was  as  follows:  For  years  the  Author  had 
pursued  in  the  class  the  method  of  testing  the  vibrations  of  the  indicator- 
pencil  by  projecting  them  on  to  the  crank-circle,  as  shown  in  Fig.  1,  and  he 
had  all  along  noticed  that  the  first  oscillation  fell  short,  and  shorter  in  the 
back-diagram  than  the  front.  The  cause  of  this  was  not  obvious,  as  there 
seemed  to  be  several  possible  explanations,  and  it  was  partly  with  a  view  to 
determine  this  cause  that  Mr  Brightmore's  investigation  was  commenced. 
A  slight  error  in  the  reducing-rod,  which  had  a  fixed  centre  and  a  slot  in 
which  a  stud  in  the  slide-block  worked,  was  altered  at  Mr  Brightmore's 
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saggestiou.  This,  however,  did  not  get  rid  of  the  oflTect.  A  new  cord 
obtained  from  the  makers  was  substituted  for  the  old  one,  and  the  effect  was 
found  to  be  much  enhanced,  the  new  cord  being  more  elastic  than  the  old 
one.  This  reduced  it  to  the  stiietching  of  the  cord,  but  it  was  only  after 
carefully  working  out  the  effect  of  the  inertia  of  the  drum,  and  it  was  seen 
this  effect  was  to  lengthen,  not  shorten,  the  first  oscillation  at  the  back-end, 
that  it  occurred  to  the  Author  to  look  to  the  friction.  The  indicator  was 
then  taken  to  pieces,  cleaned  and  oiled ;  then  the  effect  was  much  reduced. 
Several  new  wires  and  cords  were  used  which  gave  less  effects,  and  eventually 
the  steel  wire  was  adopted  by  Mr  Brightmore  as  the  best.  The  test  supplied 
by  the  oscillations  could  only  be  applied  to  diagrams  taken  at  high  speeds, 
and  the  test  furnished  by  the  effect  upon  area  was  vague.  What  was 
wanted  was  an  independent  means  of  determining  the  simultaneous  positions 
of  the  drum  and  the  engine-piston.  As  the  best  method  of  meeting  this, 
it  was  decided  to  arrange  an  electric-circuit  through  the  pencil  to  the  drum, 
with  sufficient  electromotive  force  to  prick  the  paper,  making  the  engine- 
piston  close  this  circuit  at  eleven  definite  equidistant  points  in  its  motion 
backwards  and  forwards.  After  some  difficulty  this  was  successfully  carried 
out  by  Mr  Brightmore  and  Mr  Foster.  In  this  way  the  stretching  of  the 
cord  during  the  backward  and  forward  strokes  was  definitely  ascertained 
by  Mr  Brightmore.  Taking  the  smallest  results  obtained  with  a  cord,  it 
appears  from  these  experiments  that  the  least  difference  of  stretching  was 
to  make 

2Fy  =  005C  in  inches (8), 

where  C  is  the  length  of  the  cord  in  feet ;  so  that  there  is  obtained  from 
equation  (7) 

.     ,.       .        .,     005C  .^. 

This  equation  gives  the  value  of  f  or  p^-  im  for  any  diagram  in  terms  of 
the  length  of  the  cord,  on  the  assumption  that  the  stretching  is  the  same 
per  foot  of  cord.  The  length  of  cord  is  generally  1'5  times  the  stroke  for  the 
front-end,  and  2'7  times  for  the  back-end,  or  2*1  for  both,  hence  putting  S 
for  the  stroke  in  feet 

/=(t,-x.-Oj:p^:^.-^  (10) 

for  the  front-end, 

....        .^     013oS  ,-,, 

•^=  <*■-*"•-*'>  7+ 0135&'  ^^^> 

for  the  back-end,  or 

.    ^.       .        .,     0105S  .... 

/=<*'-*'"-*'>z+olMs <^2) 

as  the  mean. 

o.  R.    II.  12 
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In  the  College  engine,  with  3  cwt.  on  the  brake,  at  a  speed  of  one  hftndred 
and  seven  revolutions, 

S-    1-5; 

i-   5-0; 

fi-t,«80-0; 


From  (12) 


or 


/-0-24; 
/  «  0-01. 


Id   a   looomotive-diagram,   Fig.  8,  published  in  Siekttrdt'  indwOor,  by 
Porter, 

8~     2; 

t,-t,  =  105; 
i»=  40; 
/=     8-26; 


*m 


0-08. 


Fig.  8. 
Ill  the  case  of  a  condensing-engine  S  =  S'5,  cutting-off  at  apparently  -j^, 

/  =  0-2 ; 
and  in  the  case  of  a  compound-engine  expanding  ten  times 

t  =  010. 
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These  would  seem  to  be  the  smallest  results  that  can  have  occurred  in 
ordinary  practice.  The  conclusion,  however,  that  hitherto  the  normal  indi- 
cated power  from  engines  has  been  from  10  to  20  per  cent,  too  small  is  one 
which  must  be  received  with  hesitation,  or  must  wait  for  verification.  Yet 
it  may  be  pointed  out  that  there  are  not  wanting  independent  evidences  of 
such  an  effect.  There  are  features  common  to  most  diagrams  which  are 
shown  in  this  investigation  to  be  due  solely  to  this  effect. 

(i)  In  diagrams  taken  ftt)m  engines  at  high  speeds  the  admission-line 
would  not  but  for  this  effect  be  vertical.  It  would  show  a  certain  amount 
of  detail,  and  the  first  oscillation  would  not  have  a  sharp  top.  They  would 
be  as  shown  in  Fig.  9,  whereas  they  commonly  are  as  in  Fig.  10. 


Fig.  9.  Fig.  10. 

(ii)  It  is  commonly  found  that  the  expansion-line  is  above  the  true 
expansion-line  for  the  steam  allowing  for  clearance.  This  fact  has  been 
much  commented  upon,  and  is  sometimes  assumed  to  indicate  leaking  valves, 
and  sometimes  a  large  amount  of  evaporation  from  the  jacket,  either  of 
which  circumstances  may  explain  some  rise  of  the  expansion-line  towards 
the  end  of  the  stroke,  but  it  is  difficult  to  see  how  they  can  explain  the  rise 
fit)m  cut-off  which  is  usually  observed.  Now  this  apparent  rise  in  the  curve 
of  expansion  is  exactly  what  would  result  if  the  apparent  cut-off  were  too 
early,  and  this  is  the  result  of  the  effect  that  has  been  considered.  The 
author  has  tried  several  diagrams,  and  he  finds  that,  correcting  the  cut-off 
by  formula  6,  the  expansion-line  comes  out  very  close  indeed  to  the  true 
curve. 

(iii)  In  making  these  comparisons  the  explanation  of  another  feature 
of  diagrams  became  apparent.  When  the  two  diagrams  are  traced  on  the 
same  card  there  is  sometimes  seen  a  want  of  symmetry  about  them,  and 
almost  invariably  when  this  is  the  case  the  cut-off  is  shorter  on  the  back 
than  on  the  front-diagram.     This  would  be  the  result  of  the  friction  of  the 

12—2 


180 


ON  THB  THEORT  OF  TBB  IHDICATOB. 


[4» 


drum,  supposing  the  cord  for  the  back-diagram  longer  than  that  iw  the  front 
Where  this  is  the  case  the  relative  lengths  of  the  cord  are  aboat  1  to  1*8. 

These  observations  are  all  illustrated  in  Fig.  11,  which  represents  a 
facsimile  diagram  from  Richards'  Indicator. 


Fig.  11. 

To  test  this  diagram  a  tracing  was  taken,  and  reversed  so  that  the  front- 
diagram  was  superimposed  on  the  back.    It  was  then  observed — 

(a)  That  the  diagrams  were  of  different  lengths,  and  the  dilFerence  was 
about  the  same  as  the  difference  in  cut-off. 

(b)  That  notwithstanding  the  apparent  cut-off  in  the  back-diagram  is  to 
that  in  the  front  in  the  ratio  of  2  to  3,  the  expansion-line  of  the  back- 
diagram  was  exactly  the  same  shape  as  that  of  the  front. 

(c)  That  if  the  diagrams  were  restored  by  formula  8,  supposing  the 
lengths  of  cords  used  to  have  been  5  feet  and  9  feet,  the  diagrams  became 
exactly  similar,  and,  allowing  2  per  cent,  clearance,  the  expansion-line  comes 
to  be  the  true  expansion-line  for  that  cut-off.  This  rearrangement  is  shown 
in  the  dotted  lines  in  Fig.  11,  the  mean  pressure  from  which  is  14  per  cent, 
larger  than  from  the  original  diagrams. 

Such  instances  as  these  seem  to  sufficiently  establish  a  primd  facie  case 
against  the  confidence  which  appears  to  be  at  present  placed  in  the  accuracy 
of  indicator-diagrams.  But,  in  conclusion,  the  author  would  state  that  he 
should  be  very  disappointed  if  anything  in  this  investigation  should  have 
the  effect  of  diminishing  reliance  on  the  indicator  itself  He  would  have 
the  instrument  treated  as  other  instruments  have  been  treated,  and  instead 
of  its  results  being  assumed  accurate,  he  would  have  it  the  object  of  careful 
study  and  experimental  investigation,  so  that  the  limits  of  its  wonderful 
perfection  may  be  exactly  known,  and  that  reliance  placed  on  it  which  such 
knowledge  must  afford. 


49  a. 

experiments  on  the  steam-engine  indicator. 

By  Arthur  William  Brightmore,  B.Sc,  Stud.  Inst.  C.E., 
Late  Berkeley  Fellow  in  Owens  College,  Manchester. 

The  object  of  these  experiments  was  to  ascertain  definitely  to  what  extent 
certain  disturbing  causes,  which  exist  in  the  indicator,  affect  the  diagram. 

These  disturbing  causes  ai*e : — 

1st.     The  necessary  inaccuracy  of  the  indicator  springs,  when  cold  or  hot. 

2nd.  The  effect  of  the  inertia  of  the  piston  and  parallel- motion  bars  on 
the  area. 

3rd.  The  effect  of  the  oscillations  of  the  spring  on  the  diagram,  and  the 
extent  to  which  these  may  be  reduced  without  sensibly  altering  its  area. 

4th.  The  effect  produced  by  the  stretching  of  the  indicator-cord.  To 
get  rid,  as  far  as  possible,  of  the  error  due  to  this  cause,  in  the  experiments 
relating  to  the  second  and  third  causes,  a  thin  steel  wire  (B.  W.  G.  22)  was 
used  instead  of  a  cord. 

The  following  is  a  description  of  the  apparatus  employed : — 

Indicator. 

The  indicator  was  an  ordinary  Richards  indicator,  made  by  Elliott  Bros., 
London ;  having  Watt's  parallel-motion  for  magnifying  the  deflection  of  the 
spring.     Springs  by  different  makers  were  used. 

Engine. 

The  engine  employed  was  the  one  which  is  used  for  the  Owens  College 
workshop.  It  was  not  chosen  on  account  of  any  particular  adaptability  for 
the  purpose;   in  fact,  in  some  of  the  experiments,  although  it  fulfilled  the 
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reqniiemeiitBythe  reealts  were  not  m  marked  as  they  would  havo  bt^^u,  hud  i 
the  point  of  cut-off  been  earlier;  but  it  waa  neccmaai^  in  the  expcriiiieuts  ^ 
to  have  complete  ccmtrol  over  the  linginc,  and  to  be  able  to  mn  it  with  ih^  J 
brake  on  only,  and  the  Ck>llege  engino  pret^onted  these  tk^ilitiea  I 


It  IB  a  non-cond^ising  engine,  with  9-indi  ej^inder,  IS  mdiea  length  of 
stroke,  and  a  fly-wheel  16  feet  in  drcamferenoe.  Hie  poiBft  of  entn^  is 
towards  the  end  of  the  stroke.  It  works  up  to  a  hoJkr^^frasnire  of  aboat 
47  lb&  on  the  square  inch,  and  to  a  speed  of  about  150  levolutioDs  per 
niinute. 

REJ>UCUfQ-MBCHAN]gll. 

In  order  to  give  the  paper-drum  a  reduced  motaon  of  the  piston,  the  wire 
employed  to  rotate  the  drum  was  attached  to  a  rod,  <me  end  <rf  which  tunied 
on  a  pin  in  the  cross-head,  and  the  otiber  end  woiked  in  a  sioi^ftied  vertically 
over  the  middle  position  of  the  cross-head  pin,  as  shown  in  ¥%.  It. 


I 

ill 


Fig.  12.     Mkchanism  fob  Rbduoinq  the  Motion  of  the  Piston. 

By  this  method  of  reducing  the  motion  of  the  piston  of  the  engine,  the 
only  error  that  comes  in  is  due  to  the  slight  change  of  inclination  of  the  wire. 

Brake. 

The  work  done  was  measured  by  the  friction-brake  used  in  the  class 
experiments  at  Owens  College. 
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It  consists  of  small  flat  blocks  of  wood  thi-eaded  on  a  cat-gut  rope,  and 
Ls  passed  round  the  fly-wheel.  To  one  end  of  this  rope  a  board,  of  which 
the  other  extremity  rests  on  the  ground,  is  fastened ;  and  the  load  is  placed 
on  the  board  close  to  its  attachment  to  the  brake.  The  other  end  of  the 
brake  is  attached  to  a  spring-balance,  which  measures  the  tension  on  it; 
the  arrangement  is  shown  in  Fig.  13. 


Fig.  13.     Fbiction-Bbake. 

Thus,  the  rate  of  work  was  obtained  by  multiplying  the  difference  of  the 
tensions  at  the  two  ends  by  16  feet  (the  circumference  of  the  fly-wheel). 

Speed-Indicator  (Fig.  14). 

This  was  also  a  class  instrument.     It  consists  of  a  small  paddle-wheel 
fixed  on  a  vertical  axis,  in  a  small  circular  box  containing  coloured  liquid. 


Fig.  14.     Speed-Indicatob. 

Near  the  bottom  of  this  box,  an  upright  glass  tube  is  inserted.  The  paddle- 
wheel  was  rotated  by  a  cord,  driven  from  a  pulley  on  the  main  shaft,  and 
passing  round  a  pulley  fixed  on  the  same  vertical  spindle  with  it. 
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The  rotation  of  the  fMuldle  oaoi^es  the  liquid  lu  rbe  in  tho  Uik^  Ui  u  j 
height  dependent  on  the  speed  of  the  engine. 

Thus  the  soile  was  graduated  by  nmning  the  engine  at  constant  spoedij 
and  coanting. 

iNDICATOR-SraiNGS  (Fi 

Before  oommencing  the  experimetilB^  it  waa  iiecct^iury  to  iont  the  aoear 
of  the  indicatoTHBprings. 

To  do  thifl,  the  indicator  was  rigidly  iixcfl  in  a  veitieal  pu^ition,  aiid^ 
{oessure  was  applied  to  the  centre  of  the  indiaitor-pistou  by  meEiim  uf  a  rod, 
pressed  upwards  by  one  end  of  a  long  beam,  balanced  on  a  knife-odg^ ;  the 
weight  being  hung  on  the  other  end  of  the  beam.  j 


Fig.  15.    Apparatus  for  Testing  the  Springs. 

The  deflection  of  the  springs  was  measured  by  Professor  Reynolds'  small 
cathetometer,  used  in  his  experiments  on  "Thermal  Transpiration,"  and 
fully  described  in  the  Philosophical  Transactions  of  the  Royal  Society^ 
Part  II.  1879. 

It  consists  of  a  microscope  earned  by  a  vertical  sliding-piece  moved  by  a 
very  accurate  screw  with  fifty  threads  to  the  inch,  and  is  capable  of  measuring 
to  10,0  0  0  "^^^'  Thus,  by  continually  adjusting  the  screw,  so  that  some  well- 
defined  mark  on  the  piston-rod  lay  on  the  horizontal  cross-hair,  and  noting 
the  reading  for  each  pai'ticular  weight,  the  deflections  under  the  various 
pressures  were  arrived  at. 

To  prevent  the  piston  of  the  indicator  sticking  in  a  wrong  position,  owing 
to  friction,  the  frame  to  which  the  indicator  was  attached  was  tapped  with  a 
light  hammer  each  time  a  fresh  weight  was  added. 
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Table  I.  gives  the  results  of  these  experiments  for  five  springs,  at  the 
ordinary  temperature. 

The  next  thing  was  to  see  what  eflFect  an  increase  of  temperature  would 
have  on  the  springs.  Now,  the  temperature  of  the  indicator-spring  never 
rises  above  212''  Fahrenheit,  owing  to  its  being  open  to  the  atmosphere,  and 
moisture  always  being  present  in  the  indicator.  Hence  the  springs  were 
surrounded  with  steam  at  212°  Fahrenheit,  by  passing  it  through  a  hole  in 
the  cap  of  the  indicator ;  of  course  the  steam  was  at  first  all  condensed ;  but 
by  waiting  until  steam  issued  from  another  hole  in  the  cap,  the  temperature 
was  maintained  uniformly  at  212°  during  the  experiments,  which  were  con- 
ducted as  in  the  previous  cases.  The  result  of  these  experiments  for  the 
same  five  springs  is  given  in  Table  II. 

Tables  I.  and  II.  show  the  uniformity  of  the  increase  of  the  deflection 
with  a  constant  addition  to  the  pressure  on  the  spring.  They  also  prove 
that  the  deflection  of  a  spring  is  greater,  under  the  same  weight,  the  higher 
the  temperature ;  hence  the  necessity  of  setting  indicator-springs  when  hot, 
t,e.f  when  at  the  temperature  of  boiling  water.  It  appears  also  from  these 
Tables,  that  in  the  case  of  the  springs  experimented  upon,  the  deflection 
under  a  given  weight  at  212°  Fahrenheit  is  about  3  per  cent,  greater  than  at 
the  ordinary  temperature  ;  therefore  a  diagram,  taken  with  a  spring  which  is 
perfectly  correct  when  cold,  will  be  3  per  cent,  too  large. 

This  is  shown  more  clearly  in  Table  III.,  which  gives  the  mean  deflection 
of  springs  under  1  lb.  when  cold  and  when  hot,  as  calculated  from  Tables  I. 
and  II.,  and  the  deflection  under  1  lb.  as  calculated  from  the  number  marked 
on  the  spring.  The  percentage  error  in  the  fifth  column  is  the  diflference 
between  columns  three  and  four,  and  is  allowed  for  in  all  the  following  calcu- 
lations. It  will  be  noticed  from  this  Table,  that  in  one  case  only  did  this 
error  amount  to  2  per  cent. 


Table  I— ^Difucmoif  or  Smiitas,  WBun  oolu* 


strength 

of  Spring, 

ao 

n 

82* 

60 

80 

Ibe.  to  the? 
Inch. 

Pi 

^  0 

lis 

0 

.5  i  fe     ^  ^-f 

MM»| 

0^4887 

0  45S8I 

0-4832 

0-4701 

^^MR' 

0D166 

Oin57 

0130901 

Ot3U8i3 

1 

O-707ft 

0-6043 

0-504.5 

0-4031 

0-4860 

oims 

0-01:16 

0D154 

0-0104 

oi}rj61 

i 

0^7317 

or^im 

0'5199 

0-5035 

0  4»ll 

01}t4J» 

0D154 

1  0-0154 

O-OlOl 

onoaa 

s 

0-7561 

>5S53 

or^h^ ' 

0*5136 

0-4084 1             ^ 

0DS4a 

01*153 

OUlfiS 

01*101                    OlXMfcit 

4 

o*7«oa 

0'5f)06 

0":W)5 

0-5237 

0%iC346              1 

0'0i40 

01»irj6 

'  0ni53  1 

o<nm 

013002 

5 

08045 

0'5e89; 

0  5ftri8 

(yr^mi 

0-5108 

01*240 

1 

0D154 

0D152 

ouioo 

oiKm 

e 

o-am^ 

0<)345 

o-58ie 

0D153 

0-5810 

0H3153^ 

05437 

01X)95 

0:1 170 

01X163 

7 

oaiao 

omm 

0  5963 

0*6532 

0-5?,3^ 

0-0250 

01)157 

ODlfiO  i 

i)i)om\ 

0-OOH 

8 

0*87iO 

01)350 

o^iifi 

0D157 

0*8119 

0D155 

0-583 1 

0<Xt98 

0-5294 

013062 

& 

01K)30 

&m&B 

0^274 

0*572fi 

Or^^ 

ODI48 

ODIW 

013153 

0131110 

01*061 

10 

0^78 

M440 

0-6^7 

omm 

0-5417 

OOS40 

011155 

tH>lfi7 

011101  i 

1  0-0(160 

u 

0^527 

O^'VOS 

0-6584 

0-5030 

0-5477  I 

0D247 

0D155 

0D154 

0D09D 

ODOGO 

IS 

0*9774 

0-0240 

0-6750 

01>158 

016738 

o-oiao 

0-6020 

O13OS0 

0-5537 

OD0&9 

la 

1O020 

0-0244 

0*6908 

013156 

0-6898 

0D156 

0-6127 

OUIOO 

0-5596 

ODoeo 

14 

1-0264 

omA^ 

0-7064 

ODl.^ 

0-7054 

0D155 

0-6227 

013100 

0-56561 

OD061 

15 

i-imi 

omAe 

0-7222 

013156 

0-7209 

0D161 

0-6327 

ODIOO 

0-5717 

OD059 

16 

1-0753 

0-0238 

0-7378 

0D157 

0-7370 

013159 

0-6427 

ODIOO 

0-5776 

01XJ61 

17 

1D901 

0-0251 

0'75a^ 

013156 

0-7529 

013154 

06527 

0-0100 

0*5837  i 

01X358 

18 

1-1242 

013244 

0-7691 

0D150 

07683 

013151 

0-6627 

OOIOO 

0-5896 

01XJ62 

19 

I'uee 

0-0242 

0-7841 

IJ1)152 

0-7834 

013154 

0^727 

013100 

0-6a58 

013071 

2fJ 

M728 

0-7903 

0D152 

0-7988 

013156 

0-6827 

013102 

0^030 

013062 

21 

m** 

0-8145 

l)-8144 

0-^29 

015092 

0D154 

0-0155 

013101 

013062 

22 

|OS290 

0D156 

0-8299 

0D153 

0-7030 

OUIOS 

0-6154 

01K)61 

23 

00455 

0-6452 

o-7iai 

0-6215 

...    ,         ;ooi5i 

013155 

OUIOO 

0W63 

24 

,., 

O-BeOO  1              ,  0-B607 

0-7233 

0-62781 

01)11^21 

013160 

0^101 

01X362 

S5 

0-87.1«'             j  0-8767 

0-7334 

0-6340 

1 

i              1     ,»,      1 

,., 

oDoeo 

01XMS2 

16 

... 

■" 

0-7433 

0131C^ 

0-6402  , 

IIID066 

87 

"" 

— 

'" 

0-8535 

0-64681 

1 

*  Different  maker. 


Table  II. 

—Deflection  of  Springs,  when  hot 

• 

Stren^ 
)f  Spring, 

20 

32 

32*        50 

80 

bs.  to  the 

. 

Indi. 

Heading 
of  Micro- 
meter. 

Deflec- 
1       tion 
under  lib. 

1   Heading 
of  Micro- 
meter. 

.  Deflec- 
tion 
under  1  lb. 

;   Heading 
of  Micro- 
meter. 

o  -75  i  Q  §  *: 

Deflec- 
tion      1 
under  lib. ! 

Heading 
of  Micro- 
meter. 

Deflec- 
tion 
1  under  lib. 

iVeightin 
ksale  Pan. 

1    Defle 
tior 
under 

1  Headi 

OfMic 

mete 

0-6872 

00245 

0-4941 

0-0154 

0-4937 

0-0162 

0-4862 

0-0104 

0-5953 

0-0063 

1 

0-7117 

0-5095 

0-5099 

0-4966 

0-6016 

0-0251 

0-0160! 

0-0157 

0-0108 

0-0065 

2 

0-7368 

0-0261 

0-5255 

0-0158 

0-5256 

0-0157 

0-5074 

0-0103 

0-6081 

0-0064 

3 

0-7619 

0-0249 

0-5413 

0-0159 

0-5413 

0-0156 

0-5177 

0-0103 

0-6145 

0-0062 

4 

0-7868 

0-5572 

0-5569 

0-5280 

0-6207! 

0-0250 

00157 

0-0157 

0-0103 

10-0063 

5 

0-8118 

0-0251 

0-5729 

0-0162 

0-5726 

0-0156 

0-5383 

0-0103 

0-6270 

00063 

6 

0-8369 

0-0253 

0-5891 

0-0156 

0-5882 

0-0157 

0-5486 

0-0098 

0-6333 

0-0063 

7 

0-8622 

0-0258 

0-6047 

0-0162 

0-6039 

0-0164 

0-5584 

0-0105 

0-6396 

0-0064 

8 

0-8880 

0-0258 

0-6209 

0-0163 

0-6203 

0-0159 

0-5689 

0-0104 

0-6460 

0-0066 

9 

0-9138 

0-0256 

0-6372 

0-0160 

0-6362 

0-0160 

0-5793 

0-0099 

0-6526 

0-0062 

10 

0-9394 

0-0259 

0-6532 

0-0163 

0-6522 

0-0158 

0-5892 

0-0102 

0-6588 

0-0062 

11 

0-9653 

0-0258 

0-6695 

0-0160 

0-6680 

0-0162 

0-5994 

0-0104 

0-6650 

0-0064 

12 

0-9911 

0-0250 

0-6855 

0-0162 

0-6842 

0-0158 

0-6098 

0-0098 

0-6714 

0-0066 

13 

1-0161 

0-0250 

0-7017 

0-0159 

0-6700 

0-0162 

0-6196 

0-0106 

0-6780 

0-0065 

14 

1-0411 

0-0246 

0-7176 

0-0163 

0-7162 

0-0163 

0-6302 

0-0105 

0-6845 

0-0062 

15 

1-0657 

0-0259 

0-7339 

0-0164 

0-7325 

0-0161 

0-6407 

0-0101 

0-6907 

0-0063 

16 

1-0916 

0-0258 

0-7503 

(t) 

0-7486 

0-0161 

0-6508 

0-0104 

0-6970 

0-0067 

17 

11174 

0-0252 

0-7689 

0-0160 

0-7647 

01)158 

0-6612 

0-0105 

0-7037 

0-0064 

18 

1-1426 

0-7849 

0-7805 

0-6717 

0-7101 

0-0242 

0-01591 

0-0157 

0-0105 

0-0061 

19 

11668 

0-8008 

0-7962 
0-0159  ' 

0-0160 

0-6822 

0-0106 

0-7162 

0-0065 

20 

0-8167 

,  0-8122 
0-0159  1 

0-0157 

0-6928 

0-0102 

0-7227 

0-0062 

21 

0-8326 

0-8279 
0-01631 

0-0170 

0-7030 

0-0105 

0-7289 

0-0063 

22 

•  • . 

0-8489 

j  0-8449 

0-7135 

0-7352 

.•• 

0-0162 

0-0156 

... 

0-0064 

23 

... 

0-8651 

0-0159 

0-8605 

0-0160 

0-7416 

0-0063 

24 

... 

0-8810 

0-0162 

0-8765 

0-0164 

... 

0-7479 

0-0063 

25 

... 

0-8972 

0-8929 

... 

0-7542 

0-0062 

26 

... 

i  - 

... 

... 

0-7602 

*  Different  maker. 


t  Condensed  steam  let  out  of  cylinder. 
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Sffiot  of  imbbtia  or  rajt  Movixo-PABfs  <m  thb  amu  ojt  tbb  JhnaiiL 

Having  aaoertained  tiie  erron  in  the  qiiiiigii^lbe  iMSft  ^pustkm  was  to 
find  how  tut  ilie  efleek  of  inertia  tanda  tc>  aUir  1ii#  aMa.  af  tiie  diagam 
befixre  tlie  osdllations  af^iear.  To  do  tibia*  diagiaiaa  areva  taken  at  wioos 
speeds  and  with  several  springs.  In  TaUe  IVl  thae(BeiflDOW  iA»  the  lalks 
of  the  biahe-preasares  to  the  mean  diagiam-piessmei^  tie  ginm  at  the 
Tarions  speeds,  instead  of  the  meui  praasorea  aa  cahwhted  finm  the 
diagrams,  cm  account  of  the  difficulty  of  keeping  the  load  en  the  brake 
exactly  orastant 

Table  UL— Mean  DBFLEcnoHs  or  SmMoa  uhdbb  1  Ih. 


Spcias. 

]>tflwlioii,ooUL 

BeflMiloa,  ImH. 

Mttkott^pAm. 

'tsr 

90  ' 

Inoh. 
0t»45 

0D85S6 

ladh. 
Ot)iM8 

0*06 

82 

(yOlbb 

0-oieoo 

0<>16aO 

1*S5 

38» 

0O165 

001596 

001580 

0« 

50 

OOIOO 

0O1090 

0*01000 

MB 

80 

0-0062 

0-00636 

0-00630 

0-04 

*  Different  maker. 


Now  if  the  inertia  affects  the  areas  of  the  diagrams,  the  areas  of  the 
diagrams,  and  hence  the  mean  diagram- pressures,  will  vary  directly  with  the 
velocity,  and  inversely  as  the  stiffness  of  the  spring  (the  weight  on  the  brake 
being  constant) ;  i.e.,  the  efficiencies  will  vary  directly  with  the  stiffiiess  of 
the  spring  and  with  the  inverse  of  the  velocity.  However,  an  examination 
of  the  Table  shows  no  appreciable  increase  of  the  efficiency  with  greater 
stiffness  of  the  spring,  and  no  more  decrease,  as  the  velocity  increases^  than 
would  be  accounted  for  by  the  greater  friction. 

Table  IV.  is  not  filled  in  for  the  20  and  32  springs  at  the  higher  speeds, 
because  the  oscillations  begin  to  come  in. 

The  inference  is,  "  that  in  a  given  engine,  when  the  ratio  of  the  speed  to 
the  stiffness  of  the  spring,  used  to  indicate  it,  is  not  so  great  as  to  cause 
oscillations  to  appear  in  the  diagram,  the  area  is  not  appreciably  affected  by 
the  momentum  of  the  moving  parts."  This  seems  natural,  for,  after  the 
initial  disturbance  on  the  admission  of  the  steam  to  the  cylinder,  the  motion 
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of  the  spring  is  gradual,  and  hence  its  deflection  would  correspond  to  the 
pressure  on  it. 

Table  IV. 


Speed. 


EfficieDcies. 


Spring. 


Mean  Values. 

20 

32 

50 

80 

44 

0-94 

... 

0-95 

... 

0-945 

68 

0-93 

0-94 

0-93 

0-933 

84 

... 

0-93 

0-93 

0-93 

0-930 

107 

... 

0-93 

0-94 

0-93 

0-933 

127 

... 

... 

0-93 

0-92 

0-926 

Oscillations. 

When  the  ratio  of  the  speed  of  the  engine  to  the  stiffness  of  the  spring, 
used  to  indicate  it,  exceeds  a  certain  value,  which  is  different  for  different 
engines,  oscillations  appear  in  the  diagram. 


Fig.  16. 


The  equation  which  gives  the  time  of  oscillation  of  the  spring,  modified 
by  the  parallel-motion  bars  (Fig.  16),  devised  by  Professor  Reynolds,  is,  taking 
the  axis  of  x  vertically  upwards : — 


(1), 


■^ '/?*?*?PTFt*:" 
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where  TT- F  +  (iD  +  icO^  +  ie»i, 


Q-P-(F  +  («+iob)5  +  4«Pi), 


and  0  •>  tiie  stifibeflB  of  eprii^. 

Ft-  weight  of  piston  4- i  wdght  of  quring. 

10  «  weight  of  rod  AD  (Fig.  16X 

f0k «  weight  of  rod  DF: 

Wt »  weight  of  rod  FH4 

PtB  whole  presBare  of  steam  on  the  |H8tOD. 

a^AB. 

h^AO^OH^diaimoe  of  oentres  of  gravity  of  rods  ^AD,  JIT  from 
A  and  H  respectiTely. 

iktBradiusofgyrationofilD,#ir,  about  ^  and  ff  rsq^aofcimlgr. 

If  Vis,  in  &ot,  the  weight  which  would  have  to  oscallate  at  JB. to  he 
equivalent  to  the  moving-parts,  and  the  exproosion  P—  Q  rspwaowhi  the 
foroe  which  would  have  to  be  applied  at  B,  if  the  parts  refcned  to  weie 
removed,  to  be  equivalent  to  them. 

Equation  (1)  is  of  the  well-known  form  for  finding  the  time  of  a  complete 
oscillation  (2*),  and  then  is  obtained  in  the  ordinary  way — 

V  g.e 
Or  calling  N  the  number  of  oscillations  per  minute — 

30     /^ 

It  will  be  noticed  that  in  equation  (1),  the  rotation  of  the  rod  DF^  which 
is  very  slight,  is  neglected,  as  also  is  the  friction  of  the  instrument. 

In  the  case  of  the  indicator  employed,  the  values  of  the  above  constants 

were — 

F»  =  010529  lb.   Tr«  =  010954  lb. 

w  =  0-00957  lb. 
w,  =  001037  lb. 
Wa  =  000866  lb. 

a  =  0*75  inch. 

6  =  1  inch. 
ifc»=l-83. 
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Whence  from  the  above  Tr»  =  0-33063  lb. 

Tf'«,  =  0-33488  lb. 

and  from  preceding  experiments  «»  =  475. 

e^  =  750. 

Note.— The  suffixes  20  and  32  refer  to  the  springs  marked  20  and  32 
respectively. 

Thus  iV^2o  =  2050. 

JVr3,  =  2560. 

It  will  be  noticed  on  substituting  for  W\  that  the  rod  DF  has  as  much 
influence  in  causing  the  oscillations  to  come  in  as  all  the  other  moving  parts 
together. 

To  verify  these  results,  diagrams  were  taken  with  weak  springs,  in  order 
to  bring  in  oscillations.  It  must  be  understood  that  the  diagrams  in  this 
Paper  are  not  intended  as  specimens  of  good  diagrams,  but  are  merely  to 
illustrate  the  various  points  considered. 

The  time  of  oscillation  of  the  indicator-springs  may  be  approximately 
obtained  from  such  diagrams  in  the  following  manner: — first,  project  the 
crests  and  hollows  of  the  oscillations  vertically  down  on  to  the  atmospheric- 
line  ;  next,  with  a  radius  equal  to  the  length  of  the  connecting-rod  (reduced 
to  the  same  scale  as  the  length  of  the  diagram),  and  centre  on  the  atmo- 
spheric-line produced,  project  the  points  so  obtained  upon  a  circle  described 
on  the  atmospheric-line  with  the  length  of  diagram  as  the  diameter ;  then 
the  arcs  of  the  circle  intercepted  between  alternate  intersections  represent 
the  angle  turned  through  by  the  crank  during  the  time  of  a  complete 
oscillation  of  the  spring.  Hence,  assuming  that  the  crank-shafl  rotates 
uniformly,  these  arcs  would  represent  the  time  of  a  complete  oscillation. 

There  are  several  reasons  why  the  number  of  oscillations  per  minute 
so  obtained  should  not  quite  equal  the  number  as  obtained  above  from 
theory.  Firstly,  the  neglect  of  the  rotation  of  the  bar  DF^  and  of  the 
friction  in  the  equation,  would  make  a  slight  difference;  but  the  most 
important  reason  is  the  gradual  decrease  of  pressure  in  the  cylinder  of  the 
engine,  consequent  upon  the  motion  of  the  piston  and  initial  condensation. 
This  diminution  of  pressure  causes  the  crests  to  lie  behind,  and  the  hollows 
to  be  in  advance  of  their  true  position  (Figs.  17  to  25),  by  an  amount  varying 
with  the  rate  of  decrease.  Supposing  for  the  moment  the  lag  to  be  equal  in 
amount  for  each  crest,  the  projection  of  it  (the  lag)  upon  the  crank-circle  will 
include  a  greater  arc  towards  the  ends  than  in  the  middle  of  the  diagram ; 
thus,  other  things  being  the  same,  causing  the  time  of  oscillation  to  appear 
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too  great  at  one  end  of  the  diagiam,  and  too  snmW  ut  the  ather  end  of  thi 
diagmm.  However,  this  tend^ioy  ib  caimtenicttHJ,  at  Iea.st  during  the 
half  of  the  stroke  (and  it  is  during  thi^  period  chiefly  that  the  time  ofo^ilWf 
tion  is  measared),  by  the  retardation  of  the  Tdkidifj  of  oaoOlaiioii,  and 
oonseqn^itly  the  greater  eShcb  of  the  rednctioii  of  ptOBPure  ia  eausmg  the 
crests  to  lag  as  the  stroke  progresses.  That  the  Tdbeity  of  oseilbtkMi 
decreases  with  the  distance  ftom  the  pobt  of  adiiiisBioii  is  seisii  by  integrat- 
ing equation  (IX  where — 


(8) 


(|-c)Vf•■^^/i••  •••■■■•••■ 

where  c  »i  the  distance  of  a  hdlow  horn  the  atoKMapheric^line. 

Now  2  f  ~  —  c  j  is  equal  to  the  range  of  oscillation,  as  may  be  seen  by 

Bgun  integrating  equation  (IX  and  in  the  case  of  the  diagrams  leferred  to, 
the  range  of  oscillation,  and  hence  firom  above,  the  vekxsity  ci  osoillstion  of 
the  spring  diminished  as  the  stroke  advances,  which  is  almost  self-evident^ 
for  the  time  of  oscillation  is  independent  of  the  range,  so  that  if  the  range  be 
reduced  the  velocity  must  be  reduced  also. 

From  equation  (2)  it  is  also  seen  that,  other  things  being  the  same,  tiie 
number  of  oscillations  in  a  diagram  increases  with  the  stifiheas  of  Hkb  spring, 
hence  the  counteracting  effect,  just  referred  to,  would  be  less  marked  as  tfie 

stiffness  of  the  spring  used  is  increased,  so  that  for  this  reason  the  number  of 
oscillations  per  minute  as  obtained  from  a  diagram  would  be  nearer  the 
truth  the  weaker  the  spring. 

Again,  the  number  of  oscillations  per  minute  will  probably  be  nearer  the 
truth  the  greater  the  speed  of  the  engine ;  for  the  number  of  oscillations  in 


Fig.  17.    Front-end  diagi'am  taken  with  20  spring  at  144  revolutions. 

a  diagram  is  smaller  the  greater  the  speed  of  the  engine,  because  the  time  of 
oscillation  of  the  spring  is  independent  of  the  speed  of  the  engine,  and 
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hence  the  ratio  of  the  velocity  of  oscillation  to  the  rate  of  reduction  of 
pressure  is  less  the  higher  the  speed  of  the  engine,  hence  the  counteracting 
effect  referred  to  is  greater.  These  two  points  are  illustrated  in  the  diagrams. 
Figs.  17  to  25,  and  the  accompanying  Table  V. 


Fig.  18.    Front-end  diagram  taken  with  20  spring  at  127  revolutions. 


Fig.  19.    Front-end  diagram  taken  with  20  spring  at  107  revolntions. 


Fig.  20.    Back-end  diagram  taken  with  20  spring  at  144  revohitions. 
o.  B.    II.  13 
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Fif.  SI.    Babk-end  dUgnm  takep  wUb  90  wpdam  •*  ^ 


Fig.  22.     Front-end  diagram  taken  with  32  spring  at  144  revolutions. 


Fig.  28.    Front-end  diagram  taken  with  32  spring  at  127  revolotionB. 
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Fig.  24.     Back-end  diagram  taken  with  32  spring  at  144  revolutions. 


Fig.  25.    Back-end  diagram  taken  with  32  spring  at  127  revolutions. 

Table  V. 


Speed. 

BavoluUoas  per 

minute- 

, 

Number  of  OBcilktions. 

End. 

Spring, 

Difference 
per  cent. 

From  Diagram, 

From  Formula. 
2,050 

144  (Fig,  17) 

Front 

20 

1,950 

5-0 

127  (Fig,  m 

ti 

20 

1,920 

ti 

65 

107  (Fig,  \B) 

n 

20 

1,883 

51 

8-5 

144  (Fig.  30) 

Back 

20 

1,930 

11 

513 

127  {Fig,  21) 

w 

20 

1,930 

if 

6-0 

144  {Fig.  22) 

Front 

32 

2,370 

2,560 

7^5 

Itl  {Fig.  2Z) 

v 

m 

2,300 

II 

10-0 

144  (Fig.  24) 

Back 

3i 

2,300 

n 

10-0 

127  (Fig,  i5) 

n 

U 

2,300 

n 

lOi* 

In  calculating  the  oscillations  from  the  diagrams  a  mean  value  was  taken. 

The  distance  to  which  the  oscillations  extend  depends  on  the  range  of 

13—2 
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the  first  one,  and  on  the  friction  of  the  pencil.  The  range  of  the  iin^t  oseS- 
lation  is  great  if  the  poriod  of  a  semi^oscillatioTi  nearly  ccimcides  with  the 
time  the  steam  takes  to  attain  its  maxiinum  pre^nre  on  admission;  thit 
happens  when  the  engine  is  running  fast.  It  h  small  when  the  time  of 
attaining  the  greatest  pressure  of  steam  and  the  time  of  a  semi-oseillation 
are  not  nearly  equal  Thus,  when  the  steam  h  wire-drawn  on  entering  the 
cylinder  of  an  engine,  that  engine  would  give  a  better  diagram  at  high 
speeds  than  if  this  were  not  the  case.  |b  ■ 

Again,  if  the  steam  be  throttled  on  entering  the  indicator,  the  time  of 
the  steam  attaining  its  maximum  pressure  in  the  indiV-iitnr-eylinder  wil!  be 
lengthened;  hence  the  extent  of  the  first  oscillatioii  will  he  radaeed,  and 
therefore  the  oscillations  in  the  diagram  will  be  reduced;  bat  the  disgiam 
so  obtained  does  not  give  a  conwt  idea  of  the  work  done,  but  la  too  smsll 
in  proportion  to  the  amount  of  throttling. 

The  effidct  of  the  friction  of  the  pencil  in  lessening  the  extent  of  the 
oscillations  Times  with  the  pressure  cm  the  pencoL  When  the  osoiIlati0Ds 
are  thus  reduced  by  pressing  the  pencil  on  the  psper  an  iadefinitenesB  is 
introduced  into  the  results,  owing  to  the  pencil  sticking  either  too  l^gfa  or 
too  low,  and  the  results  cannot  be  relied  on. 

To  illustrate  this  point  diagrams  were  taken  under  the  saoae  ocNMfitions, 
of  which  the  results  are  given  in  Table  VL 

In  the  case  of  the  weaker  springs,  20  lbs.  and  32  lbs.,  the  pencil  was 
pi*essed  on  the  diagram-paper  so  as  to  reduce  the  oscillations.  Diagrams 
were  taken  with  stiffer  springs,  in  which  oscillations  do  not  perceptibly  enter, 
to  check  the  results  so  obtained. 

Table  VI. — Front-end  Efficiencies. 


Speed. 

20  Spring  (pencil 
pressea). 

82  Spring  (pencil 
pressed). 

60  Spring. 

80  Spring. 

69 

87 

108 

0-932 
0-931 
0-918 

0-927 
0-942 
0-907 

0-969 
0-964 
0-966 

0-968 
0-954 
0-054 

Mean  efficiencies 

0-927 

0-925 

0-966 

0-955 

Table  VI.  shows  that  in  those  experiments  in  which  the  pencil  was  pressed 
on  to  the  paper  the  results  are  too  small  by  more  than  3  per  cent.    No 
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doubt  if  the  engine  had  cut-off  earlier,  and  been  working  with  a  higher 
pressure  of  steam,  the  results  would  have  been  still  more  discordant. 

Probably  the  most  accurate  method  of  arriving  at  the  mean  pressure 
when  the  oscillations  extend  a  good  way  into  the  diagram,  at  least  when 
the  cut-off  occurs  late  in  the  stroke  as  in  the  present  case,  is  to  draw  a 
line  midway  between  the  crests  and  hollows,  and  to  the  value  for  the  mean 
pressure  obtained  by  taking  this  line  add  an  amount,  which  in  the  case  of 
indicators  similar  to  the  one  employed  in  these  experiments  is  0*35  lb. 

To  see  the  reason  for  this,  referring  back  to  equation  (1),  and  integrating 
it  twice — 

IW 

Substituting  in  this  t^'tr  \/        (time  of  half  oscillation) 

x  =  — -c, 

i.e.,  Q  is  the  arithmetical  mean  of  ex  and  ec. 

Substituting  in  this  expression  the  value  for  Q,  and  taking  the  area  of 
the  indicator  piston  as  0*5  square  inch,  the  following  value  for  the  intensity 
of  pressure  {p)  is  obtained: — 

p  =  e(a;  +  c)  +  2^Tf  4-(w;  +  m,)  -  +  4t(;,V 

Hence  if  a  line  midway  between  the  crests  and  hollows  be  taken  as  repre- 
senting the  pressure,  the  mean  pressure  so  obtained  will  be  too  small  by  the 
amount  of  the  second  term  on  the  right,  which  for  the  indicator  employed 
=  0*35  lb.     This  would  be  negligible  for  any  considerable  pressure. 

It  was  found  that  with  the  indicator  used,  a  diagram  tolerably  free  from 
oscillations  could  be  taken  from  the  engine  up  to  a  speed  of  about  90  revolu- 
tions per  minute,  with  a  spring  of  20  lbs.  to  the  inch.  Hence,  since  the 
time  the  steam  takes  to  attain  its  maximum  pressure  in  the  cylinder  varies 
with  the  speed  of  the  engine  (in  different  engines  it  would  also  vary  with 
the  arrangement  of  the  slide-valve),  it  might  be  expected  to  obtain  a 
diagram  tolerably  free  from  oscillations  at  a  speed  of  from  400  to  500  revo- 
lutions per  minute,  with  an  indicator  having  a  parallel-motion  in  which  the 
rod  corresponding  to  DF  is  absent,  and  in  which  the  other  moving-parts  are 
as  light  again  as  in  the  present  case.  This  would  be  the  case  with  an 
indicator  of  smaller  diameter,  in  which  a  much  stronger  spring  could  be 
used  for  the  same  weight.  For  much  higher  speeds  than  this,  unless  the 
relative  time  occupied  in  attaining  the  maximum  pressure  increased  with 
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die  speed,  it  woald  appear  thai  the  diugmms  would  b^  affecU^d  io  a  gitmi  M 
but  unknown  extent  by  the  oioiUatieDa  of  tito  apvi^g. 


YniATioN  or  tbm  Duoram  bt  thb  BnmamMmk  or 

iNDIOiTQE-OOBlK 

The  effidot  of  the  stretching  of  the  a»d  Yiriee  giM%  with  the  d^pe  of 
the  diagram,  and  with  the  state  dT  lubrication  of  the  papir  dnua.  Owii^ 
to  the  bte  cut-off,  the  engine  employed  in  the  expenmasbB  was  not  wdl 
suited  for  showing  this  e£RMi.  HowoTer,  in  some  enKwiiiienti^  whrn  the 
paper-drum  wanted  oiling,  the  diagram  given  with  the  eov^  mm  mora  thsn 
7  per  cent,  smaller  than  that  given  witii  the  steel  wire.  The  efeot  is  in  all 
cases  to  reduce  the  area,  though  not  neoessarily  to  reduoe  the  mean  piesamo 
calculated  from  it 

To  ascertain  if  the  diagrrais  finom  the  engine  in  qncatiog-  wesdd  show 
much  diflference  when  taken  with  ootd  and  with  wiie»  the  esperimeirti 
summarised  in  Table  YII.  were  made.  The  lengths  and  elBoieiicios  given 
are  the  mean  of  the  front-  and  back-^id  diagrams. 

tabli'  vn. 


Speed. 

68 

84 

107 

127 

Wive. 

■«* 

Efficiency. 

Length. 

Effioien<7. 

Inohes. 
511 

511 

513 

512 

0-93 
0-93 
0-94 
0-93 

Inches. 
4-78 

4-80 

4-80 

4-80 

0-94 
0-94 
0-94 
0-97 

Although  the  efficiency  as  ciilculated  from  the  two  sets  of  diagrams  is 
inconsiderable,  yet  the  diflFerence  in  their  lengths  points  to  a  large  difference 
in  their  areas. 

The  diflFerence  in  the  tension  of  the  indicator-cord  at  various  parts  of 
the  stroke  m^y  be  shown  by  considering  the  equation  of  motion  of  the 
indicator-drum. 

This  equation  during  the  outward  stroke  is 


dt^ 


=  Ta-M,-Mj. 
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where     /  =  the  moment  of  inertia  of  the  drum  about  its  axis. 

3r=  the  tension  in  the  cord. 

a  =  radius  of  drum. 
Mg  =  moment  of  resistance  of  the  drum-spring  about  the  axis  of  drum. 
Mf  =  moment  of  friction  about  the  same  line. 

J-  ,  the  angular  acceleration  of  the  drum  about  its  axis,  is  a  maximum 

to  begin  with,  and  continues  to  decrease  during  the  stroke,  becoming  zero 
near  the  middle  of  the  stroke. 

Mg  is  constant  during  the  stroke. 

M/  is  A  maximum  on  starting,  then  suddenly  decreases  and  then  varies 
directly  with  some  power  of  the  velocity,  increasing  therefore  until  about 
the  middle  of  the  stroke,  and  then  diminishing. 

Thus  it  is  evident  that  during  the  outwai-d  stroke  the  tension  T  is  a 
maximum  to  begin  with,  decreases  rapidly  about  the  middle  of  the  stroke, 
and  more  slowly  towards  the  end. 

At  the  end  of  the  stroke  the  friction  suddenly  changes  sign,  thus  causing 
a  sudden  diminution  in  the  tension  at  the  commencement  of  the  inward 
stroke;  afterwards  the  tension  increases  rapidly  about  the  middle  of  the 
stroke,  and  more  slowly  towards  the  end. 

Hence  it  might  be  expected  that  that  part  of  a  diagram  taken  during 
the  outward  stroke  would  be  shortened  to  commence  with,  then  slightly 
stretched,  and  slightly  shortened  at  the  end ;  and  that  that  part  taken 
during  the  inward  stroke,  would  be  first  shortened,  then  lengthened  a  little, 
and  slightly  shortened  towards  the  end,  almost  as  in  the  case  of  the  outward 
stroke. 

To  show  that  this  actually  takes  place,  an  arrangement  was  devised  by 
Professor  Reynolds,  the  object  of  which  was  to  prick  holes  in  the  diagram 
corresponding  to  eleven  equidistant  positions  of  the  piston.  For  this  purpose 
a  Grove  battery  (D  Fig.  26)  of  five  cells,  in  conjunction  with  a  Ruhmkorff 
coil,  was  used.  But  in  order  to  get  the  holes  pricked  in  their  proper 
positions,  instead  of  the  ordinary  arrangement  for  making  and  breaking 
contact,  the  following  plan  was  adopted,  the  hammer  of  the  coil  being  held 
back.  The  wire  from  one  pole  of  the  battery  was  connected  with  one  of  the 
binding-screws  (H)  of  the  primary  coil  as  usual,  but  the  wire  from  the  other 
pole  of  the  battery  was  connected  with  the  engine.     A  wire  from  the  other 
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bmdiog-aorew  (0)  of  the  {Nriinaxy  ooil  was  afcteched  io  the  contact-breaker 
(B).  This  consisted  of  a  smooth  pieoe  of  wood,  into  whidi  eteten  pteoes  of 
wire  were  inserted  at  equal  distances,  and  filed  level  with  the  wood,  the 


Fig.  96.    ButomcAL  Ammiianni  wm  mawam  vam 
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distance  between  the  first  and  the  last  wires  being  tiie  length  of  the  stnA^ 
of  the  engine.  The  contact«lneaker  was  fixed  on  the  bwer  slide  bar,  so  that 
the  central  wire  should  be  at  the  middle  of  the  stiol^  and  so  that  a  pointer 
(A),  whid^  was  secured  to  the  cross^head,  should  slide  on  tiie  smooth  peoe 
of  wood.  Hence  eveiy  time  the  pointer  crossed  a  wire  <m  tiie  cmitaet-bceaker 
the  circuit  of  the  primary  current  was  complete,  and  a  spark  of  the  induced 
current  passed  through  the  diagram-pq>er.  To  bring  this  about  <Mtie  wire 
of  the  induced  current  was  connected  with  the  metallic  drum  (E\  and  the 
other  to  a  cup  of  mercury  (F),  into  which  the  metallic  pencil  dipped,  thus 
completing  the  circuit  of  the  induced  current  when  the  pencil  touched  the 
paper. 

In  the  diagrams,  Figs.  27  to  34,  which  were  taken  in  this  manner,  the 
position  of  the  pricked  holes,  corresponding  to  the  eleven  equidistant  posi- 
tions of  the  piston,  are  indicated  by  small  circles.  The  relative  positions  of 
these  circles  show  which  parts  of  the  diagrams  are  lengthened,  and  which 
are  shortened.   An  examination  shows  that  the  eflfect  is  not  merely  to  shorten 


Fig.  27.     Front-end  pricked  diagram  taken  with  wire  at  107  revolutions. 


Fig.  28.    Back-end  pricked  diagram  taken  with  wire  at  107  revolutions. 
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Fig.  29.     Front-end  pricked  diagram  taken  with  string  .at  107  revolations. 
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Fig.  30.    Back-end  pricked  diagram  taken  with  string  at  107  revolutions. 


Fig.  31.    Front-end  pricked  diagram  taken  with  wire  at  127  revolations. 


Fig.  32.    Back-end  pricked  diagram  taken  with  wire  at  127  revolutions. 
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Fig.  83.     Front-end  pricked  diagram  taken  with  string  at  127  revolations. 
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Fig.  34.    Back-end  pricked  diagram  taken  with  string  at  127  revolutions. 


the  ends  and  lengthen  the  middle  of  the  diagrams,  but  also  to  distort  them, 
t.e.,  to  cause  corresponding  points  in  their  upper  and  lower  parts  not  to  lie 
in  the  same  vertical  line.  The  amount  of  this  distortion  is  shown  by  the 
distance  between  corresponding  points  on  the  atmospheric-line.  It  will 
also  be  noticed  that  even  in  the  diagrams  taken  with  wire  instead  of  with 
cord  this  distortion  is  not  altogether  absent.  The  indefiniteness  in  the 
stretching  of  the  cord  is  shown  by  some  of  the  points  being  marked  twice. 
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In  high-speed  diagrams  of  abort  length  these  eflbels  would  eaiaae  a  marirad 
modification  in  their  fixrm  when  taken  with  eoid* 

At  high  speeds,  when  the  spring  of  the  dmm  is  aoi  stiff  sooqgh  to  keep 
the  ocMtl  tight  near  the  cratre  of  the  stroke,  and  tlie  ▼ebeity  is  greatest,  a 
ahortming  of  the  mukDe  portion  of  the  diagram,  taken  iof^  liie  inwaid 
strdke,  and  a  lengthening  of  the  end,  wonld  resoli 

These  considerations  diow  that  in  indieatorB  intmded  to  take  diagrams 
from  engines  running  at  high  speeds,  the  dmm,  as  weli  aa  lUl  the  other 
moving-parts^  should  be  as  light  as  possiUe. 
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ON  THE  DILATANCY  OF  MEDIA  COMPOSED  OF  RIGID 
PARTICLES  IN  CONTACT.  WITH  EXPERIMENTAL  ILLUS- 
TRATIONS* 

[From  the  "Philosophical  Magazine " /or  December^  1885.] 

Ideal  rigid  particles  have  been  lused  in  almost  all  attempts  to  build 
fundamental  dynamical  hypotheses  of  matter:  these  particles  have  generally 
been  supposed  smooth. 

Actual  media,  composed  of  approximately  rigid  particles,  exist  in  the 
shape  of  sand,  shingle,  grain,  and  piles  of  shot ;  all  which  media  are  influenced 
by  friction  between  the  particles. 

The  dynamical  properties  of  media,  composed  of  ideal  smooth  particles 
in  a  high  state  of  agitation,  have  formed  the  subject  of  very  long  and 
successful  investigations,  resulting  in  the  dynamical  theory  of  fluids. 
Also,  the  limiting  conditions  of  equilibrium  of  siich  media  as  sand,  have 
been  made  the  subject  of  theoretical  treatment  by  the  aid  of  certain 
assumptiona 

These  investigations,  however,  by  no  means  constitute  a  complete  theory 
of  granular  masses ;  nor  does  it  appear  that  any  attempts  have  been  made 
to  investigate  the  dynamical  properties  of  a  medium  consisting  of  smooth 
hard  particles,  held  in  contact  by  forces  transmitted  through  the  medium. 
It  has  sometimes  been  assumed  that  such  a  medium  would  possess  the 
properties  of  a  liquid,  although  in  the  molecular  hypothesis  of  liquids  now 
accepted,  the  particles  are  assumed  to  be  in  a  high  state  of  motion,  holding 
each  other  apart  by  collisions;  such  motion  being  rendered  necessary  to 
account  for  the  property  of  diffusion. 

*  This  Paper  was  read  before  Section  A  of  the  British  Association  at  the  Aberdeen  Meeting, 
Beptember  10, 1885,  and  again  before  Section  B,  at  the  request  of  the  Section,  September  15. 


soil  ON  THE  DILATAM  or  Of 

Without  attempting  anytiung  like  a  oomplete  dynamioil  tliooiy,  uliieh 
will  require  a  large  developmeiit  of  mathematioB^  I  wooM  poiiifc  ost  tiie 
existence  of  a  aiiigalar  fandamental  property  of  soeh  gnuMilar  mediae  iiliieh 
is  not  posseaied  hy  known  fluids  or  sdifk.  On  peroeivipg  aomeiliiiig  wUch 
resembles  nothing  within  the  limits  of  one's  knoidedge,  a  name  Is  a  matter 
of  great  diflfoulty.  I  have  caUed  this  oniqae  property  of  graanlsr  minwin 
''dilatanqr,"  because  the  property  cimsists'in  a  definite  dbasge  of  bulk, 
consequent  on  a  definite  diuge  of  shape  or  distortioDal  strain,  any  dis- 
turbance whatever  causing  a  change  of  Tolume  and  genemUy  dilatatjnti 

In  the  esse  of  fluids,  ydume  and  shape  are  perfectly  ind^endbnt;  sod 
although  in  practice  it  is  often  difficult  to  alter  the  shape  of  an  olastie  body 
without  sitting  its  volume,  yet  the  properties  of  dilatation  and  ^btortion 
are  essentially  distinct,  and  are  m  considered  ijti  tibe  theoiy  of  daslicity. 
In  fiust  there  are  veiy  few  solid  bodies  which  are  to  any.e^stent  dfisftaUe 
atalL 

With  granular  media,  the  grains  being  sensibly  hard,  tiie  case  m,  aooordiiig 
to  the  results  I  have  obtained,  entirely  different  So  long  as  the  giaius  sre 
held  in  mutual  equilibrium  by  stresses  transmitted  through  the  maai^  eveiy 
change  of  relative  position  of  the  grains  is  attended  by  a  cboBequent  cfaai^ 
of  volume ;  and  if  in  any  way  the  volume  be  fixed,  then  all  change  of  sh^ 
is  prevented. 

In  speaking  of  a  granular  medium,  it  is  assumed  to  be  in  sudi  a  conditioD 

that  the  position  of  auy  internal  particle  becomes  fixed,  when  the  positions 
of  the  surrounding  particles  are  fixed. 

This  condition  is  very  generally  fulfilled,  but  not  always  where  there  is 
fiiction ;  without  friction  it  would  be  always  fulfilled. 

From  this  assumption  it  at  once  follows,  that  no  grain  in  the  interior 
can  change  its  position  in  the  mass  by  passing  between  the  contiguous 
grains  without  disturbing  these;  hence,  whatever  alterations  the  medium 
may  undergo,  the  same  particle  will  always  be  in  the  same  neigh- 
bourhood. 

If,  then,  the  medium  is  subject  to  an  internal  strain,  the  shapes  of  the 
internal  groups  of  molecules  will  all  be  altered,  the  shape  of  each  elementary 
group  being  determined  by  the  shape  of  the  surrounding  particles.  This 
will  be  rendered  most  intelligible  by  considering  instances ;  that  of  equal 
spheres  is  the  most  general,  and  presents  least  difficulty. 

A  group  of  such  spheres  being  arranged  in  such  a  manner  that,  if  the 
external  spheres  are  fixed,  the  internal  ones  cannot  move,  any  distortion  of 
the  boundaries  will  cause  an  alteration  of  the  mean  density,  depending  on 
the  distortion  and  the  arrangement  of  the  spheres.     For  example : — 
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If  arranged  as  a  pile  of  shot  as  in  Fig.  2,  which  is  an  arrangement  of 

1     TT 

tetrahedra  and  octahedra,  the  density  of  the  media  is  70  « »  taking  the 
density  of  the  sphere  as  unity. 

TT 

If  arranged  in  a  cubical  formation,  as  in  Fig.  1,  the  density  is  ^  ,  or  V2  times 
less  than  in  the  former  case. 


Fig.  1.  Fig.  2. 

These  arrangements  are  both  controlled  by  the  bounding  spheres ;  and  in 
either  case  the  distortion  necessitates  a  change  of  volume. 

Either  of  these  forms  can  be  changed  into  the  other  by  changing  the 
shape  of  the  bounding  surface. 

In  both  these  cases  the  structure  of  the  group  is  crystalline,  but  that  is 
on  account  of  the  plane  boundaries. 

Practically,  when  the  boundaries  arc  not  plane,  or  when  the  grains  are  of 
various  sizes  or  shapes,  such  media  consist  of  more  or  less  crystalline  groups 
having  their  axes  in  different  directions,  so  that  their  mean  condition  is 
amorphous. 

The  dilatation  consequent  on  any  distortion  for  a  crystalline  gi*oup  may 
be  definitely  expressed.  When  the  mean  condition  is  amorphous,  it  becomes 
difficult  to  ascertain  definitely  what  the  relations  between  distortion  and 
dilatation  are.  But  if,  when  at  maximum  density,  the  mean  condition  is  not 
only  amorphous  but  isotropic,  a  natural  assumption  seems  to  be,  that  any 
small  contraction  from  the  condition  of  maximum  density  in  one  direction, 
means  an  equal  extension  in  two  others  at  right  angles. 

As  such  a  contraction  in  one  direction  continues,  the  condition  of  the 
medium  ceases  to  be  isotropic,  and  the  relation  changes  until  dilatation 
ceases.  Then  a  minimum  density  is  reached ;  after  this,  further  contraction 
in  Jihe  same  direction  causes  a  contraction  of  volume,  which  continues  until 
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a  ^yiftTiffiHTn  density  is  zeadiied.    Sndi  a  relation  bt^tw^^^o  the  contraction  in 
ooB  dureoti<m,  and  the  ooneequent  dilatation,  would  be  expresstMl  by 


«  — l-^ 


\/*'s* 


I 


0  bdtig  the  ooeffieieiitof  dilatatioii,a 
dilatation ;  the  positive  root  only  to  be  takon 


The  am(»]dion8  eonditioii  of  minimiim  volume  is  a  very  i5tiible  fonditioti ; 
bat  there  would  be  a  direct  relation  between  the  strains  ami  alres^^es  in  aoy 
other  oondition  if  the  partides  were  iriotioiileE)^  txwl  rigid. 

If  the  particles  were  ligid,  the  medium  would  be  absolutely  without 
resilience,  and  hence  the  only  eneigy  of  which  it  would  be  ptisceptible  would 
be  kinetic  energy;  so  that»  supposing  the  motion  bIow,  the  work  done  upon 
any  group  in  distorting  it  would  be  aero.  Thujs,  supposing  a  contraction  in 
(me  direction  and  expansion  at  right  angles,  then  if  p^  be  the  mtrmn  in  the  I 
directum  of  amtmcticm,  and  p^,  pg  the  streas  at  right  anglen,  a  being  the 
contraction,  6  «id  e  expansions,  _^^^^^^^^^^^^^^m 

or,  supposing  6 

.0. 


With  fticti<m  the  relation  will  be  different;  the  friction  always  of^KtioislniiB, 
%.e.  tends  to  give  stability. 

It  is  a  very  difficult  question  to  say  exactly  what  part  friction  plays ;  for 
although  we  may  perhaps  still  assume  without  error, 

Py  __  1  —  sin  0 
Px     1  +  sin  ^ ' 

where  ^  is  the  angle  of  repose,  we  cannot  assume  that  tan  ^  has  any  relation 
to  the  actual  friction  between  the  molecules. 

The  extreme  value  of  ^  is  a  matter  of  arrangement;  as  in  the  case  of 
shot,  which  would  pile  equally  well  although  without  friction. 

Supposing  the  grains  rigid,  the  relations  between  distortion  and  dilata- 
tion are  independent  of  friction ;  that  is  to  say,  the  same  distortion  of  any 
bounding  surfaces  must  mean  the  same  internal  distortion  whatever  the 
friction  may  be. 

The  only  possible  effect  of  friction  would  be  to  render  the  grains  stable 
under  circumstances  under  which  they  would  not  otherwise  be  stable ;  and 
hence  we  might,  with  friction,  be  able  to  bring  about  an  alteration  of  the 
boundaries  other  than  the  alteration  possible  without  friction ;  and  thus  we 
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light  possibly  obtain  a  dilatation  due  to  friction.     How  far  this  is  the  case 
an  be  best  ascertained  by  experiment. 

In  the  case  of  a  granular  medium,  friction  may  always  be  relaxed  by 
slieving  the  mass  of  stress,  and  any  stability  due  to  this  cause  would  be 
down  by  shaking  the  mass  when  in  a  condition  of  no  stress. 

But  before  applying  this  test,  it  is  necessary  to  make  perfectly  sure  that 
uring  the  shaking  the  boundary  spheres  do  not  change  position. 

Another  test  of  the  eflFect  of  friction  is,  by  comparing  the  relative 
ilatation  and  distortion  with  different  degrees  of  friction.  If  the  dilatation 
^ere  in  any  sense  a  consequence  of  friction,  it  would  be  greater  when  the 
oeflScient  of  friction  between  the  spheres  was  greater.  Where  the  granular 
lass  is  bounded  by  solid  surfaces,  the  friction  of  the  grains  against  these 
urfaces  will  considerably  modify  the  results. 

The  problem  presented  by  frictionless  balls  is  much  simpler  than  that 
resented  in  the  case  of  friction.  In  the  former  case  the  theoretical  problem 
lay  be  attacked  with  some  hope  of  success.  With  friction  the  property  is 
lost  easily  studied  by  experiment. 

As  a  matter  of  fact,  if  we  take  means  to  measure  the  volume  of  a  mass 
f  solid  grains  more  or  less  approximately  spheres,  the  property  of  dilatancy 
J  evident  enough,  and  its  effects  are  very  striking,  affording  an  explanation 
f  many  well-known  phenomena. 

If  we  have  in  a  canvas  bag  any  hard  grains  or  balls,  so  long  as  the  bag  is 
ot  nearly  full  it  will  change  its  shape  as  it  is  moved  about ;  but  when  the 
Gkck  is  approximately  full,  a  small  change  of  shape  causes  it  to  become 
erfectly  hard.  There  is  perhaps  nothing  surprising  in  this,  even  apart  from 
imiliarity ;  because  an  inextensible  sack  has  a  rigid  shape  when  extended 
>  the  full,  any  deformation  diminishing  its  capacity,  so  that  contents  which 
id  not  fill  the  sack  at  its  greatest  extension  fill  it  when  deformed. 
)n  careful  consideration,  however,  many  curious  questions  present  them- 
elves. 

If,  instead  of  a  canvas  bag,  we  have  an  extremely  flexible  bag  of  india- 
ubber,  this  envelope,  when  filled  with  heavy  spheres  (No.  6  shot),  imposes 
o  sensible  restraint  on  their  distortion;  standing  on  the  table  it  takes 
early  the  form  of  a  heap  of  shot.  This  is  apparently  accounted  for  by  the 
ict  that  the  capacity  of  the  bag  does  not  diminish  as  it  is  deformed.  In 
bis  condition  it  really  shows  us  less  of  the  qualities  of  its  granular  contents 
ban  the  canvas  bag.  But  as  it  is  impervious  to  fluid,  it  will  enable  me  to 
leasure  exactly  the  volume  of  its  contents. 

Filling  up  the  interstices  between  the  shot  with  water,  so  that  the  bag  is 
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quite  foil  of  water  and  ahot,  no  bnbUe  ol  air  in  it,  iuitl  mrefnlly  clmng  the 
moathyl  now  find  that  the  bag  baa  beoome  ab^hitelv-  rigitt  in  whatever  form 
it  bi^pened  to  be  when  cloaedL 

It  ia  dear  that  the  envelope  now  impo^s  no  rli»tortioiml  ooustmint  on  tbe 
diot  within  it,  n<Mr  doea  the  water.  ¥^ua,  then,  euuvei't^  the  heap  of  looee 
ahot  into  an  abeolutely  rigid  body?  Cleariy  the  Umit  whkh  ia  tppoaod  oa 
the  vdume  by  the  preaaore  of  the  almoaphere. 

So  l<»ig  aa  the  arrangement  of  the  ahot  ia  andi  thai  tibeva  ia  enom^ 
water  to  fill  the  intexatioea,  die  diot  are  firee,  bat  ai^  nrfpMgwiii^nl  wMJi 
reqnixea  more  room,  ia  abadatdy  prevented  by  die  ^JfJiwure  of  the 
atmoaphoe.  ^'^^ 

If  there  ia  an  exoesa  of  water  in  die  bag  when  die  dboi  mm  m  dm 
maximom  denaity,  the  bag  will  diange  ita  ahape  ^mle  fipedly  te  a  fimiled 
extent,  hot  then  beoomee  inatandy  rigid,  aapportibg  66  Ih.  wilhoat  flurther 
dianga  By  emneoting  the  bag  with  a  gradnated  vcaad  of  water,  so  that  the 
qnaotity  whieh  flowa  in  and  oat  can  be  meaaored,  the  bag  Agaiia 
aoaoepttble  of  any  unoimt  of  diatortion. 


Getting  die  bag  into  a  apherical  form,  and  ita  oontanta  at 
dendty,  and  then  aqueeaing  it  between  two  planea,  the  moment  tiie ) 
begina  the  water  b^na  to  flow  in,  and  flowa  in  at  a  diminidiing  imte  antfl 
it  oeaaea  to  draw  more  water. 

The  material  in  the  bag  is  in  a  condition  of  minimum  density  under  the 
circumstances.  This  does  not  mean  that  all  the  parts  are  in  a  conditicm  of 
minimum  density,  because  the  distortion  is  not  the  same  in  all  the  parts ; 
but  some  parts  have  passed  through  the  condition  of  maximum,  while  others 
have  not  reached  it,  so  that  on  further  distortion  the  dilatations  of  the  latter 
balance  the  contractions  of  the  former.  If  we  continue  to  squeeze,  water 
begins  to  flow  out  until  about  half  as  much  has  run  out  as  came  in;  then 
again  it  begins  to  flow  in.  We  cannot  by  squeezing  get  it  back  into  a  con- 
dition of  uniform  maximum  density,  because  the  strain  is  not  homogeneous. 
This  is  just  what  would  occur  if  the  shot  were  frictionless ;  so  that  it  is  not 
surprising  to  find  that,  using  oil  instead  of  water,  or,  b^^r  (on  account  of  the 
india-rubber),  a  strong  solution  of  soap  and  water,  urtl^h  greatly  diminishes 
the  friction,  the  results  are  not  altered. 

On  measuring  the  quantities  of  water,  we  find  that  the  greatest  quantity 
drawn  in  is  about  10  per  cent,  of  the  volume  of  the  bag ;  this  is  about  one- 
third  of  the  difference  between  the  volumes  of  the  shot  at  minimum  and 
maximum  density. 

— ^  :  1,  or  30  per  cent,  of  the  latter. 

v2 
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On  easing  the  bag  it  might  be  supposed  that  the  shot  would  return  to  their 
initial  condition.  But  that  does  not  follow :  the  elasticity  of  form  of 
the  bag  is  so  slight  compared  with  its  elasticity  of  volume,  that  resti- 
tution will  only  take  place  as  long  as  it  is  accompanied  with  contraction 
of  volume. 

So  long  as  the  point  of  maximum  volume  has  not  been  reached,  approxi- 
mate restitution  follows  quite  as  nearly  as  could  be  expected,  considering 
that  iriction  opposes  restitution.  But  when  the  squeezing  has  been  carried 
past  the  point  of  maximum  volume,  then  restitution  requires  expansion ;  and 
this  the  elasticity  of  shape  is  not  equal  to  accomplish,  so  that  the  bag  retains 
its  flattened  condition.  This  experiment  has  been  varied  in  a  great  variety 
of  ways. 

The  very  finest  quartz  sand,  or  glass  balls  I  inch  in  diameter,  all  give  the 
same  results.  Sand  is,  on  the  whole,  the  most  convenient  material,  and  its 
extreme  fineness  reduces  any  eflFect  of  the  squeezing  of  the  india-rubber 
between  the  interstices  of  the  balls  at  the  boundaries ;  which  eflFect  is  very 
apparent  with  the  balloon  bags,  and  shot  as  large  as  No.  6. 

A  well-marked  phenomenon  receives  its  explanation  at  once  from  the 
existence  of  dilatancy  in  sand.  When  the  falling  tide  leaves  the  sand  firm, 
as  the  foot  falls  on  it  the  sand  whitens,  or  appears  momentarily  to  dry  round 
the  foot.  When  this  happens  the  sand  is  full  of  water,  the  surface  of  which 
is  kept  up  to  that  of  the  sand  by  capillary  attraction ;  the  pressure  of  the 
foot  causing  dilatation  of  the  sand,  more  water  is  required,  which  has  to  be 
obtained  either  by  depressing  the  level  of  the  surface  against  the  capillary 
attraction,  or  by  drawing  water  through  the  interstices  of  the  surrounding 
sand.  This  latter  requires  time  to  accomplish,  so  that  for  the  moment  the 
capillary  forces  are  overcome ;  the  surface  of  the  water  is  lowered  below  that 
of  the  sand,  leaving  the  latter  white  or  dryer  until  a  suflScient  supply  has 
been  obtained  from  below,  when  the  surface  rises  and  wets  the  sand  again. 
On  raising  the  foot  it  is  generally  seen  that  the  sand  under  the  foot  and 
around  becomes  momentarily  wet;  this  is  because,  on  the  distorting  forces 
being  removed,  the  sand  again  contracts,  and  the  excess  of  water  finds 
momentary  relief  at  the  surface. 

Leaving  out  of  account  the  eflFect  of  friction  between  the  balls  and  the 
envelope,  the  results  obtained  with  actual  balls,  as  regards  the  relation 
between  distortion  and  dilatation,  appear  to  be  the  same  as  would  follow  if 
the  balls  were  smooth. 

The  friction  at  the  boundaries  is  not  important  as  long  as  the  strain  over 
the  boundaries  is  homogeneous,  and  particularly  if  the  balls  indent  them- 
selves into  the  boundaries,  as  they  do  in  the  case  of  india-rubber.     But  with 
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a  plane  surikce,  the  balls  at  the  bonndariee  are  in  aaotliflr  Miidilioit  fttai  the 
balls  within.  The  layer  of  balls  at  the  8iirfiu)e  omi  only  nay  its  dnaifty  ftom 
2/V8  to  1.  This  means  that  the  layer  of  balls  at  a  snriiiQe  eaa  slide  betwen 
that  sm&oe  and  the  adjacent  layer,  causing  much  kss  dilatatien  Ihan  woald 
be  caused  by  the  sliding  of  an  -internal  layer  idthin  the  msMk  HenoSi 
where  two  parts  of  the  mass  are  connected  by  such  a  sm&oe^  certain  con- 
ditions of  strain  of  the  boundaries  may  be  accommodated  by  a  oontinQoiu 
stream  of  baUs  adjacent  to  the  surfEM^e.  This  fiu^  made  itsdf  evideot  in  two 
very  different  experiments. 


In  order  to  examine  the  formation  which  the  shot 
ordinary  glass  funnd  was  filled  with  diot  and  oil,  and  held  ^rertrnd  wUk 
more  shot  were  forced  up  the  spout  of  the  funnel.  It  was  ezpeoled  that  the 
shot  in  the  funnel  would  rise  as  a  body,  ^.x^Miuliiig  luiLniliy  -^^>  ^^-'-  to  keep 
the  funnel  foil.  This  seems  to  have  been  the  effect  at  the  commeiieemetit  ofi 
the  experiment;  but  after  a  small  quantity  had  passed  up  it  2ippeari?d^ 
looking  at  the  side  of  the  fonnel,  that  the  shot  were  rising  much  too  fast,  fo^ 
which,  on  looking  into  the  top  of  the  fannel,  the  reason  became  apparent^ 
A  sheet  of  shot  adjacent  to  the  fonnel  was  rising  steadily  all  round,  leaving 
the  interior  shot  at  the  same  level  with  only  a  slight  diafeuiiMiiie^i^: 

In  another  experiment  one  india-rubber  ball  wais  fiOed  witli  Band  and 
water ;  at  the  centre  of  this  ball  was  another  much  nnallar  ball,  oomnmni- 
eating  through  the  sides  of  the  outer  envelope  by  means  of  a  glaas  pipe  with 

an  hydraulic  pump.  It  was  expected  that,  on  expanding  the  interior  ball  by 
water,  the  sand  in  the  outer  ball  would  dilate,  expanding  the  outer  ball  and 
drawing  more  water  into  the  intervening  sand.  This  it  did,  but  not  to  the 
extent  expected.  It  was  then  observed  that  the  outer  envelope,  instead  of 
expanding,  generally  bulged  in  the  immediate  neighbourhood  of  the  point 
where  the  glass  tube  passed  through  it ;  showing  that  this  tube  acted  as  a 
conductor  for  the  sand  from  the  immediate  neighbourhood  of  the  interior 
ball  to  the  outer  envelope,  just  as  the  glass  sides  of  the  funnel  had  acted  for 
the  shot. 

As  regards  any  results  which  may  be  expected  to  follow  from  the  recog- 
nition of  this  property  of  dilatancy, — 

In  a  practical  point  of  view,  it  will  place  the  theory  of  earth-pressures 
on  a  true  foundation.  But  inasmuch  as  the  present  theory  is  founded 
on  the  angle  of  repose,  which  is  certainly  not  altered  by  the  recognition  of 
dilatancy,  its  effect  will  be  mainly  to  show  the  real  reason  for  the  angle 
of  repose. 

The  greatest  results  are  likely  to  follow  in  philosophy,  and  it  was  with 
a  view  to  these  results  that  the  investigation  was  undertaken. 
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The  recognition  of  this  property  of  dilatancy  places  a  hitherto  unrecog- 
nized mechanical  contrivance  at  the  command  of  those  who  would  explain 
the  fundamental  arrangement  of  the  universe,  and  one  which,  so  far  as  I  have 
been  able  to  look  into  it,  seems  to  promise  great  things,  besides  possessing 
the  inherent  advantage  of  extreme  simplicity. 

Hitherto  no  medium  has  ever  been  suggested  which  would  cause  a 
statical  force  of  attraction  between  two  bodies  at  a  distance.  Such  attraction 
would  be  caused  by  granular  media  in  virtue  of  this  dilatancy  and  stress. 
More  than  this,  when  two  bodies  in  a  granular  medium  under  stress  are  near 
together,  the  eflFect  of  dilatancy  is  to  cause  forces  between  the  bodies,  in  very 
striking  accordance  with  those  necessary  to  explain  coherence  of  matter. 

Suppose  an  outer  envelope  of  suflSciently  large  extent,  at  first  not  abso- 
lutely rigid,  filled  with  granular  media,  at  its  maximum  density.  Suppose 
one  of  the  grains  of  the  media  commences  to  grow  into  a  larger  sphere ;  as 
it  grows,  the  surrounding  medium  will  be  pushed  outwards  radially  from  the 
centre  of  the  expanding  sphere.  Considering  spherical  envelopes  following 
the  grains  of  the  medium,  these  will  expand  as  the  grains  move  outwards. 
This  fixes  the  distortion  of  the  medium,  which  must  be  contraction  along 
the  radii,  and  expansion  along  all  tangents. 

The  consequent  amount  of  dilatation  depends  on  the  relation  of  distortion 
and  dilatation,  and  on  the  arrangement  of  the  grains  in  the  medium.  At 
first  the  entire  medium  will  undergo  dilatation,  which  will  diminish  as  the 
distance  from  the  centre  increases.  As  the  expansion  goes  on,  the  medium 
immediately  adjacent  to  the  sphere  will  first  arrive  at  a  condition  of  minimum 
density;  and  for  further  expansion  this  will  be  returning  to  a  maximum 
density,  while  that  a  little  further  away  will  have  reached  a  minimum.  The 
eflFect  of  continued  growth  will  therefore  be,  to  institute  concentric  undula- 
tions of  density  from  maximum  to  minimum  density,  which  will  move 
outwards ;  so  that  after  considerable  growth,  the  sphere  will  be  surrounded 
with  a  series  of  envelopes  of  alternately  maximum  and  minimum  density, 
the  medium  at  a  great  distance  being  at  maximum  density.  At  a  definite 
distance  from  the  centre  of  the  sphere  not  more  than 

1-412, 

where  R  is  the  radius  of  the  sphere,  the  density  will  be  a  minimum,  and 
between  this  and  the  sphere  there  may  be  a  number  of  alternations, 
depending  on  the  relative  diameters  of  the  grains  and  the  spheres. 

The  distance  between  these  alternations  will  diminish  rapidly  as  the 
sphere  is  approached.  The  distance  of  the  next  maximum  is  1'2jB,  the 
next  minimum  is  given  by  1'09jB,  and  the  next  maximum  1'06jB. 

14—2 
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The  general  condition  of  the  medinm  aroimd  aflfdii^reiAiohhMai^Mided 
in  the  medium,  is  shown  in  Fig.  3,  whidi  hae  been  anived  at  on  the  sap 
position  tiiat  the  sfdiere  is  large  compared  with  ihb  grains. 


Fig.  3. 

From  a  radius  about  1'4/J  outwards  the  density  gradually  increases, 
reaching  a  maximum  density  at  infinity ;  and  at  all  distances  greater  than 
\'%R  the  law  is  expressed  by 

dr     r^* 

where  n  has  some  value  greater  than  3,  depending  on  the  structure  of  the 
medium. 

Within  the  distance  l'4ii  the  variation  is  periodic,  with  a  rapidly 
diminishing  period.  In  this  condition,  supposing  the  medium  of  unlimited 
extent  and  the  sphere  smooth,  the  sphere  may  move  without  causing  further 
expansion,  merely  changing  the  position  of  the  distortion  in  the  medium; 
for  the  grains,  slipping  over  the  sphere,  would  come  back  to  their  original 
positions.  It  thus  appears  that  smooth  bodies  would  move  without  resistance, 
if  the  relation  between  the  size  of  the  grains  and  bodies  is  such,  that  the 
energy  due  to  the  relative  motion  of  the  grains  in  immediate  proximity  may 
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•e  neglected.  The  kinetic  energy  of  the  motion  of  the  medium  would  be 
proportional  to  the  volume  of  the  ball,  multiplied  by  the  density  of  the 
aedium,  and  the  square  of  the  velocity. 

But  the  momentum  might  be  infinite,  supposing  the  medium  infinite  in 
xtent,  in  which  case  a  single  sphere  would  be  held  rigidly  fixed. 

If  we  suppose  two  balls  to  expand  instead  of  one,  and  suppose  the  dis- 
ortion  of  the  medium  for  one  ball  to  be  the  same  as  if  the  other  were 
ot  there,  the  result  will  be  a  compound  distortion.  Since,  however,  the 
ilatation  does  not  bear  a  linear  relation  to  the  distortion,  the  dilatation 
esulting  from  the  compound  distortion  will  not  be  the  sum  of  the  dilatations 
>r  the  separate  distortions,  unless  we  neglect  the  squares  and  products  of 
be  distortions  as  small. 

Supposing  the  bodies  so  far  apart  that  one  or  other  of  the  separate 
istortions  caused  at  any  point  is  small,  then,  retaining  squares  and  products, 
t;  appears  that  the  resultant  dilatation  at  any  point  will  be  less  than  the 
um  of  the  separate  dilatations,  by  quantities  which  are  proportional  to  the 
•roducts  of  the  separate  distortions. 

The  integrals  of  these  terms  through  the  space  bounded  by  spheres  of 
Bwlii  jB  and  i,  are  expressed  by  finite  terms,  and  terms  inversely  propor- 
ional  to  L,  which  latter  vanish  if  L  is  infinite.  Thus,  while  the  total  separate 
ilatations  are  infinite,  the  compound  dilatations  differ  fix)m  the  sum  of  the 
eparate  by  finite  terms,  and  these  are  functions  of  the  product  of  the 
olumes,  and  the  reciprocal  of  the  distance. 

Assuming  stress  in  the  medium,  the  difference  in  the  value  of  these 
nite  terms  for  two  relative  positions  of  the  bodies,  multiplied  by  the 
tresses,  represents  an  amount  of  work  which  must  be  done  by  the  bodies 
n  the  medium  in  moving  from  one  position  to  another. 

To  get  rid  of  the  difficulty  of  infinite  extent  of  medium,  if  for  the  moment 
re  assume  the  envelope  sufficiently  large  and  imposing  a  normal  pressure 
pon  the  medium,  then,  since  the  work  done  will  be  proportional  to  the 
ilatation,  the  force  between  the  bodies  will  be  proportional  to  the  rate  at 
rhich  this  dilatation  varies  with  the  distance  between  them. 

The  force  between  the  bodies  would  depend  on  the  character  of  the 
iasticity,  as  well  as  on  the  dilatation. 

It  is  not  necessary  to  assume  the  outer  envelope  elastic;  this  may  be 
bsolutely  rigid,  and  one  or  both  the  balls  elastic. 

In  such  case  the  two  balls  are  connected  by  a  definite  kinematic  relation. 
lS  they  approach  they  must  expand,  doing  work  which  is  spent  in  producing 
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enei^gy  of  motitm ;  as  they  recede,  the  kinetic  energy  is  spent  in  the  work 
of  compressing  the  balls. 

As  already  stated,  the  momentum  of  the  infinite  medium  for  a  single 
ball  in  finite  motion  may  be  infinite,  and  proportiounl  t-o  the  product  at 
the  volume  of  the  ball  by  the  velocity;  but  with  two  fells  moYing  in 
opposite  directions^  with  velocities  inversely  aa  the  masses,  the  momentum 
of  the  system  is  zero.  Therefore  nuch  motion  may  be  the  only  motion 
possible  in  a  medium  of  infinite  extent. 

When  the  distance  between  the  balb  in  of  the  stime  order  as  their 
dimemions,  the  law  of  attraction  changes  with  the  law  of  the  compound 
dilatations,  and  becorneH  periodic,  corresponding  to  the  undulations  of  density 
sun^oundiog  the  balb.  Thus,  before  actual  contact  was  reached,  the  halk 
would  Bufler  alternate  repulsion  and  at  traction,  with  positions  of  etjuilibrimii 
more  or  lesa  stable  betweeu,  as  shown  in  Figs,  4  and  5. 


Fig.  4. 


Fig.  5. 


We  have  thus  a  possible  explanation  of  the  cohesion  and  chemical 
combination  of  molecules,  which  I  think  is  far  more  in  accordance  with 
actual  experience  than  anything  hitherto  suggested. 

It  was  the  observation  of  these  envelopes  of  maximum  and  minimum 
density,  which  led  me  to  look  more  fully  into  the  property  of  dilatancy. 

The  assumed  elasticity  of  the  surrounding  envelope,  or  of  the  balls,  has 
only  been  introduced  to  make  the  argument  clear. 

The  medium  itself  may  be  supposed  to  possess  kinetic  elasticity  arising 
fix)m  internal  distortional  motion,  such  as  would  arise  from  the  transmission 
of  waves,  in  which  the  motion  of  the  medium  is  in  the  plane  of  their  fronts. 

The  fitness  of  a  dilatant  medium  to  transmit  such  waves  is  only  less 
striking  than  its  property  of  causing  attraction,  because  in  the  first  respect 
it  is  not  unique. 
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But,  as  far  as  I  can  see,  such  transmission  is  not  possible  in  a  medium 
;omposed  of  uniform  grains.  If,  however,  we  have  comparatively  large  grains 
miformly  interspersed,  then  such  transmission  becomes  possible.  If,  notwith- 
tanding  the  large  grains,  the  medium  is  at  maximum  density,  the  large 
grains  will  not  be  free  to  move  without  causing  further  dilatation;  and  it 
eems  that  the  medium  would  transmit  distortional  vibrations,  in  which  the 
listortions  of  the  two  sets  of  grains  are  opposite. 

Such  waves,  although  the  motion  would  be  essentially  in  the  plane  of  the 
irave,  would  cause  dilatation,  just  as  waves  in  a  chain  cause  contraction  in 
he  reach  of  the  chain.  They  would  in  fact  impart  elasticity  to  the  medium, 
xactly  as,  in  the  case  of  a  slack  chain  having  its  ends  fixed  but  otherwise 
lot  subject  to  forces,  any  lateral  motion  imparted  to  the  chain  will  cause 
ension,  proportional  to  the  energy  of  disturbance  divided  by  the  slackness 
r  free  length  of  chain. 

Distortional  waves  therefore,  travelling  through  dilatant  material  which 
loes  not  quite  occupy  the  space  in  which  it  is  confined  when  at  maximum 
lensity,  would  render  the  medium  uniformly  elastic  to  distortion,  but  not  in 
he  same  degree  to  compression  or  extension.  The  tension  caused  by  such 
^aves  would  depend  on  the  gross  energy  of  motion  of  the  waves,  divided 
•y  the  total  dilatation  from  maximum  density  consequent  on  the  wave- 
lotion.  All  such  waves,  whatever  might  be  their  length,  would  therefore 
aove  with  the  same  velocity. 

If,  when  rendered  elastic  by  such  waves,  the  medium  were  thrown  into  a 
tate  of  distortion  by  some  external  cause,  this  would  diminish  the  possible 
ilatation  caused  by  the  waves.  Thus  work  would  have  to  be  done  on  the 
medium  in  producing  the  external  distortion,  which  would  be  spent  in  in- 
reasing  the  energy  of  the  waves.  For  instance,  the  separation  of  two  bodies 
a  such  a  medium,  which,  as  already  shown,  would  increase  the  statical 
istortion,  would  increase  the  energy  of  the  waves  and  vice  versd. 

As  far  as  the  integrations  have  been  carried  for  this  condition  of  elasticity, 
t  appears,  with  a  certain  arrangement  of  large  and  small  grains,  that  the 
3rces  between  the  bodies  would  be  proportional  to  the  product  of  the 
olumes  divided  by  the  square  of  the  distance ;  i.e.  that  the  state  of  stress 
f  the  medium  may  be  the  same  as  Maxwell  has  shown  must  exist  in  the 
ther  to  account  for  gravity.  We  have  thus  an  instance  of  a  medium, 
ransmitting  waves  similar  to  heat-waves,  and  causing  force  between  bodies 
imilar  to  the  forces  of  gravitation  and  cohesion,  in  such  a  manner  as  to 
onstitute  a  conservative  system.  More  than  this,  by  the  separation  of  the 
wo  sets  of  grains,  there  would  result  phenomena  similar  to  those  resulting 
rom  the  separation  of  the  two  electricities.  The  observed  conducting  power 
f  a  continuous  surface  for  the  grains  of  a  medium,  closely  resembles  the 
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cojiductioti  of  cslectrictty.  And  mich  a  composite  mediuto  would  be  itiscep- 
tible  of  a  etate  in  which  the  arrangciDont  of  the  two  «eta  of  grains  were 
^niWD  into  opjxjKite  dint^rtions,  which  »lat4i,  ho  fai*  an  it  hus  yet  beeu 
examined,  appeara  to  coiiicido  with  the  Btate  of  n  medium  iiocesisary  ta 
oxplain  electrodynamic  aod  magnetic  phenomena  according  to  Maxwell'd 
thoory. 

In  this  short  i^ketch  of  the  results  which  it  appears  to  me  may  follow 
from  thfj  recogmtion  of  the  property  of  dilatancy,  I  have  not  attempted  tu 
follow  the  exact  reasoning  even  so  far  aa  I  have  carried  it. 

In  the  preliminary  acceptance  of  a  theory,  the  mind  must  be  gnided 
i-ather  by  a  general  view  of  its  adaptability,  than  by  ity  definite  accordance 
with  some  out  of  many  observed  ftict^.  And  aa  it  seema,  after  u  preliminaiy 
investigation,  that  in  space  filled  with  discrete  particles,  endowed  with 
rigidity,  Jimoothness,  and  inertia,  the  property  of  dilatancy  would  cau**e 
amongst  other  bodies,  not  only  one  property,  but  all  the  fundamental  prf>per- 
ties  of  matter,  I  have,  in  pti^inting  out  the  e3cistence  of  dilat^mcy,  ventured 
to  call  attention  t<>  this  dilatant  or  kinematic  theory  of  ether,  without  waiting 
for  the  completion  of  the*  definite  integrations,  which  must  take  long,  although 
it  is  by  thciso  that  the  fitness  of  the  hypothei*e!*  must  be  eventually  tested 


\ 


51. 


EXPERIMENTS  SHOWING  DILATANCY,  A  PROPERTY  OF 
GRANULAR  MATERIAL,  POSSIBLY  CONNECTED  WITH 
GRAVITATION. 

[Fram  the  "  Proceedings  of  the  Royal  Institution  of  Great  Britain."] 

(Bead  February  12,   1886.) 

In  commencing  this  discourse,  the  author  said,  My  principal  object 
to-night  is  to  show  you  certain  experiments  which  I  have  ventured  to  think 
would  interest  you  on  account  of  their  novelty,  and  of  their  paradoxical 
character.  It  is  not,  however,  solely  or  chiefly  on  account  of  their  being 
curious  that  I  venture  to  call  your  attention  to  them.  Let  them  have  been 
never  so  striking,  you  would  not  have  been  troubled  with  them,  had  it  not 
been  that  they  afford  evidence  of  a  fact  of  real  importance  in  mechanical 
philosophy. 

This  newly  recognised  property  of  granular  masses,  which  I  have  called 
dilatancy,  will,  it  may  be  hoped,  be  rendered  intelligible  by  the  experiments, 
but  it  was  not  by  these  experiments  that  it  was  discovered. 

This  discovery,  if  I  may  so  call  it,  was  the  result  of  an  attempt  to 
conceive  the  mechanical  properties  a  medium  must  possess,  in  order  that  it 
might  fulfil  the  functions  of  an  all-pervading  ether — not  only  in  transmitting 
waves  of  light,  and  refusing  to  transmit  waves  like  those  of  sound,  but 
in  causing  the  force  of  gravitation  between  distant  bodies,  and  actions  of 
cohesion,  elasticity,  and  friction  between  adjacent  molecules,  together  with 
the  electric  and  magnetic  properties  of  matter,  and  at  the  same  time  allowing 
the  free  motion  of  bodies. 

It  will  be  well  known  to  those  who  attend  the  lectures  in  thi^  room,  that 
although  a  vast  increase  has  been  achieved  in  knowledge  of  the  actions  called 
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the  physical  properties  of  matter,  we  have  as  yet  no  satis&ctoiy  ezplanatioii 
as  to  the  prima  causa  of  these  actions  themselves ;  that  to  explain  the  trans- 
mission of  light  and  heat,  it  has  been  found  necessary  to  assume  space  filled 
with  material  possessing  the  properties  of  an  elastic  jelly,  the  eiistaice 
of  which,  though  it  accounts  for  the  transmission  of  light,  has  hitherto 
seemed  inconsistent  with  the  free  motion  of  matter,  and  fiuled  to  afford  the 
slightest  reason  for  the  gravitation,  cohesion,  and  other  physical  properties  of 
matter.  To  explain  these,  other  forms  of  ether  have  been  invented,  as  in 
the  corpuscular  theory  and  the  celebrated  hypothesis  of  La  Sage,  the  im- 
possibilities of  which  hypotheses  have  been  finally  proved  by  the  late 
Professor  Maxwell,  to  whom  we  owe  so  much  of  our  definite  knowledge  of 
the  fundamental  physics.  Maxwell  insisted  on  the  &ct,  that  even  if  each  of 
the  physical  properties  could  be  explained  by  a  special  ether,  it  would  not 
advance  philosophy,  as  each  of  these  ethers  would  require  another  ether 
to  explain  its  existence,  ad  infinitum.  Maxwell  clearly  contemplated  the 
existence  of  one  medium,  but  it  was  a  medium  which  would  oaose  not  one 
but  all  the  physical  properties  of  matter.  His  writings  are  full  of  definite 
investigations  as  to  what  the  mechanical  properties  of  this  ether  most  be,  to 
account  for  the  laws  of  gravitation,  electricity,  magnetism,  and  the  trans- 
mission of  light,  and  he  has  proved  very  clear  and  definite  properties, 
although,  as  he  distinctly  states,  he  was  unable  to  conceive  a  mechanism 
which  should  possess  these  properties. 

As  the  result  of  a  long-continued  effort  to  conceive  a  mechanical  system 
possessing  the  properties  assigned  by  Maxwell,  and  further,  which  would 
account  for  the  cohesion  of  the  molecules  of  matter,  it  became  apparent  that 
the  simplest  conceivable  medium — a  mass  of  rigid  granules  in  contact  with 
each  other — would  answer  not  one  but  all  the  known  requirements,  provided 
the  shape  and  mutual  fit  of  the  grains  were  such,  that  while  the  grains 
rigidly  preserved  their  shape,  the  medium  should  possess  the  apparently 
paradoxical,  or  anti-sponge  property,  of  swelling  in  bulk  as  its  shape  was 
altered. 

I  may  here  remark,  that  if  ether  is  atomic  or  granular,  that  it  should  be 
a  mass  of  grains  holding  each  other  in  position  by  contact,  like  the  grains  in 
the  sack  of  com,  is  one  of  only  two  possible  conceptions ;  the  other  being 
that  of  La  Sage,  or  the  corpuscular  theory  that  the  grains  are  free  like 
bullets,  moving  in  space  in  all  directions. 

Nor,  in  spite  of  its  paradoxical  sound,  is  there  any  great  difficulty  of  con- 
ceiving the  swelling  in  bulk.  When  the  grains  are  in  contact,  it  appears  at 
once  that  the  mechanical  properties  of  the  medium  must  be  to  some  extent 
affected  by  the  shape  and  fit  of  the  grains.  And  having  arrived  at  the  con- 
clusion, that  in  order  to  act  the  part  of  ether,  this  shape  and  fit  must  be  such 
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that  the  mass  could  not  change  its  shape,  without  changing  its  volume  or 
space  occupied,  the  next  thing  was  to  see  what  possible  shape  could  be 
given  to  the  grains,  so  that  while  these  rigidly  preserved  their  shape,  the 
medium  might  possess  this  property  of  dilatancy. 

It  was  obvious  that  the  grains  must  so  interlock,  that  when  any  change 
of  shape  of  the  mass  occurred,  the  interstices  between  the  grains  should 
increase.  This  would  be  possessed  by  grains  shaped  to  fit  into  each  other's 
interstices  in  one  particular  arrangement. 

In  an  ordinary  mass  of  brickwork  or  masonry  well  bonded  without  mortar, 
the  blocks  fit  so  as  to  have  no  interstices ;  but  if  the  pile  be  in  any  Vay 
distorted,  interstices  appear,  which  shows  that  the  space  occupied  by  the 
entire  mass  has  increased.     (Shown  by  a  model.) 

At  first  it  appeared  that  there  must  be  something  special  and  systematic, 
as  in  the  brick  wall,  in  the  fit  of  the  grain  of  ether,  but  subsequent  con- 
sideration revealed  the  striking  fact,  that  a  medium  composed  of  grains,  of 
any  possible  shape,  possessed  this  property  of  dilatancy,  so  long  as  one  im- 
portant condition  was  satisfied. 

This  condition  is,  that  the  medium  should  be  continuous,  infinite  in 
extent,  or  that  the  grains  at  the  boundary  should  be  so  held  as  to  prevent  a 
rearrangement  commencing.  All  that  is  wanted  is  a  mass  of  hard  smooth 
grains,  each  grain  being  held  by  the  adjacent  grains,  and  the  grains  on  the 
outside  prevented  from  rearranging. 

Smooth  hard  spheres  arranged  as  an  ordinary  pile  of  shot  are  in  their 
closest  order,  the  interstices  occupying  a  space  about  one-third  that  occupied 
by  the  spheres  themselves.  By  forcing  the  outside  shot  so  as  to  give  the 
pile  a  different  shape,  the  inside  spheres  are  forced  by  those  on  the  outside, 
and  the  interstices  increase.  Thus  by  shaping  the  outside  of  the  pile,  the 
interstices  may  be  increased  to  any  extent,  until  they  occupy  about  nine- 
tenths  of  the  volume  of  the  spheres :  this  is  the  most  open  formation. 
A  further  change  of  shape  in  the  same  direction  causes  a  contraction  of  the 
interstices,  until  a  minimum  volume  is  reached,  and  then  again  an  expansion, 
and  so  on.  The  point  to  be  realised  is,  that  in  any  of  these  arrangements,  if 
the  whole  of  the  spheres  on  the  outside  of  the  group  are  fixed,  those  inside 
will  be  fixed  also.     (Shown  by  a  model.) 

An  interior  portion  of  a  mass  of  smooth  hard  spheres  therefore  cannot 
have  its  shape  changed  by  the  surrounding  spheres,  without- altering  the 
room  it  occupies,  and  the  same  is  true  for  any  granular  mass,  whatever  be 
the  shape  of  the  grains. 

Ckmsidering  the  generality  of  this  conclusion,  the  non-discovery  of  this 
property  as  existing  in  tangible  matter,  requires  a  word  of  explanation. 
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The  physicid  properties  of  elasticity,  mlhesion,  and  frictiou,  so  far  reader 
the  molecules  of  ordinary  matter  incapable  of  behaving  m  a  eptem  of  parta 
with  the  sole  property  of  kee}mig  their  shape,  and  bo  prevent  evidence  oi 
dilataiicy  in  solids  and  fluids.  This  is  quita  c^in^i&tent  with  ditataney  in  the 
ether,  far  the  properties  of  elasticity,  cohesion,  and  friction,  iu  tangible 
matter,  are  due  to  the  jnresence  of  the  other,  bo  that  it  would  be  illogical 
for  the  elementazy  atoms  of  the  ether  to  po&Besg  these  properties. 

This,  although  a  sufficient  reason  why  dilatatiey  has  not  been  recognised 
as  a  property  of  solid  and  fluid  matter,  does  not  C2c plain  its  oon-eKistenee  in 
maspes  of  soUd,  hard,  free  grains,  as  of  com,  shot,  and  mind.  To  nnder!<^tand 
why  it  has  not  been  observed  in  these,  it  must  be  remembered  that,  to 
orcUnaxy  observation,  these  present  only  an  ontgide  appearaDce,  and  that  the 
condition  essential  for  dilatancy,  that  tiie  outside  graini^  s^hould  not  be  free  to 
rearrange,  is  seldom  fulfilled.  Also  tiiese  granular  finrms  of  matter,  though 
commonidao^  have  not  been  the  subject;^  of  phyBical  research,  and  hence 
such  evidence  as  they  do  i^rd  has  escaped  deteetiou. 

Once,  however,  having  recognised  dilatancy  as  a  universal  pi-operty  of 
granular  masses,  it  was  obvious  that  if  evidence  of  it  was  to  be  sought  from 
tangible  matter,  it  must  be  sought  in  what  have  hitherto  been  the  most 
commonplace  and  least  interesting  arrangements.  That  an  important 
geometricid  juid  mechanical  property  of  a  material  system  should  have  been 
hidden  for  thousands  of  years,  even  in  sand  and  com,  is  such  a  striking  f 
thought,  that  it  required  no  little  faith  in  mechanical  principles  to  undertake 
the  search  for  it,  and  although  finding  nothing  but  what  was  strictly  iu 
accordance  with  the  conclusions  previously  arrived  at,  the  evidence  obtained 
of  this  long-hidden  property  was  as  much  a  matter  of  visual  surprise  to  the 
lecturer,  as  it  can  be  to  any  of  the  audience. 

To  render  the  dilatancy  of  a  granular  mass  evident,  it  was  necessary  to 
accomplish  two  things:  (1)  the  outside  grains  must  be  controlled  so  that  they 
could  not  rearrange,  and  this  without  preventing  change  of  shape  and  bulk 
of  the  mass;  (2)  the  changes  of  bulk  or  volume  of  the  mass,  or  of  the 
interstices  between  the  grains,  must  be  rendered  evident  by  some  method  of 
measurement  which  did  not  depend  on  the  shape  of  the  mass. 

A  very  simple  means — a  thin  india-rvbher  envelope  or  boundary — answered 
both  these  purposes  to  perfection.  The  thin  india-rubber  closed  over  the 
outside  grains  sufl&ciently  to  prevent  their  change  of  position,  and  the 
impervious  character  of  the  bag  allowed  of  a  continuous  measure  of  the 
volume  of  the  contents,  by  measuring  the  quantity  of  air  or  water  necessary 
to  fill  the  interstices. 

Taking  an  india-rubber  bag  which  will  hold  six  pints  of  water,  without 
stretching,  and  having  only  a  small  tubular  aperture,  getting  it  quite  dry, 
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and  putting  into  it  six  pints  of  dry  sea  sand,  such  as  will  run  in  an  hour- 
glass, sharp  river  sand,  dry  corn,  shot  or  glass  marbles,  it  presents  no  very 
striking  appearance,  but  all  the  same  when  filled  with  any  of  these  materials, 
it  cannot  have  its  form  changed,  as  by  squeezing  between  two  boards, 
without  changing  its  volume.  These  changes  of  volume  are  not  sufficient  to 
be  noticeable  while  the  squeezing  is  going  on,  but  they  may  be  rendered 
apparent.  It  is  sufficient  to  do  this  with  the  bag  full  of  clean  dry  Calais 
sand,  such  as  is  used  in  an  hour-glass. 

The  tube  from  the  bag  is  connected  with  a  mercurial  pressure-gauge,  so 
that  the  bag  is  closed  by  the  mercury. 

The  actual  volume  occupied  by  the  quartz  grains  is  four  and  a  half  pints. 
The  remaining  space,  one  and  a  half  pints,  is  occupied  by  the  interstices 
between  the  grains  in  their  closest  order ;  these  interstices  are  full  of  air,  so 
that  three-quarters  of  the  bag  are  occupied  by  quartz,  and  one-quarter  by 
air.  Since  the  bag  is  closed,  and  no  more  air  can  get  in,  if  interstices  are 
increased  firom  one  pint  and  a  half  to  two  pints,  the  air  must  expand,  and 
its  pressure  will  fall  from  that  of  the  atmosphere  to  three-quarters  of  an 
atmosphere.  As  soon  as  squeezing  begins,  the  mercury  rises  on  the  side 
c<jnnected  with  the  bag,  and  steadily  rises  as  the  bag  flattens,  until  it  has 
risen  seven  inches,  showing  that  the  bag  has  increased  in  capacity  by  half 
a  pint,  or  one-twelfth  of  its  initial  capacity. 

That  by  squeezing  a  porous  mass  like  sand  we  should  diminish  the 
pressure  of  the  air  in  the  pores  is  paradoxical,  and  shows  the  anti-sponginess 
of  the  granular  material ;  had  there  been  a  sponge  in  the  bag,  the  pressure 
of  the  air  would  have  increased  with  the  squeezing. 

This  experiment  has  been  mainly  introduced  to  prevent  a  possible  im- 
pression that  the  fluid  filling  the  interstices  has  anything  to  do  with  the 
dilatation  besides  measuring  it. 

Water  affords  a  more  definite  measure  of  volume  than  air. 

Taking  a  small  india-rubber  bottle  with  a  glass  neck  fiill  of  shot  and 
water,  so  that  the  water  stands  well  into  the  neck.  If  instead  of  shot  the 
bag  were  fall  of  water,  or  had  anjrthing  of  the  nature  of  a  sponge  in  it, 
when  the  bag  was  squeezed  the  water  would  be  forced  up  the  neck.  With 
the  shot  the  opposite  result  is  obtained;  as  I  squeeze  the  bag,  the  water 
decidedly  shrinks  in  the  neck. 

This  experiment,  which  you  see  is  on  a  very  small  scale,  was  not  designed 
to  show  to  an  audience;  it  was  the  original  experiment  which  was  made 
for  my  own  satisfaction,  when  the  idea  of  dilatancy  first  presented  itself. 
The  result,  but  for  the  knowledge  of  dilatancy,  would  appear  paradoxical, 
not  to  say  magical.     When  we  squeeze  a  sponge  between  two  planes,  water 
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is  aqueeaed  out;  when  we  ^n^eze  eand,  shot,  or  granular  mat^ial,  wakf 
IS  drawn  in. 

Taking  a  larger  apparatus,  a  bag  which  holds  six  pints  of  sand,  the 
mtenrfeices  of  whieh  are  tnW  of  water  mthout  any  air — the  glass  neck  being 
graditated  so  as  to  measure  the  water  drawn  in.  On  stijueeziDg  the  bag 
with  a  laige  pair  of  pincers,  a  pint  of  water  is  drawn  from  the  neck  into 
the  bag:.  This  is  the 'maximum  dilatation;  the  grains  of  saod  are  now  in 
the  most  open  order  into  which  they  can  be  brought  by  this  squeezing; 
further  squeezing  causes  them  to  take  closer  order,  the  interstices  diminish, 
and  the  water  runs  out  into  the  Yessel,  and  for  stiU  further  squeemig  is 
drawn  back  again^  showing  that  as  the  change  of  form  continues,  the 
medium  passes  through  maximum  and  minimum  dilatatioDa, 


This  ^iperiment  may  be  repeated  with  granules  of  any  size  or  shape, 
provided  they  are  hard,  and  ;>^howB  the  universality  of  dilatancy. 

Although  not  more  definite,  perhaps  more  striking  evidence  of  dUataticy 
ii  afforded  by  the  means  which  the  non-expinsibility  of  water  affords  of 
limiting  the  Tolume  of  the  bag.  An  imperviuus  bag  full  of  sand  and  wat43r 
without  air  cannot  have  its  contents  enlarged  without  creating  a  vacuum 
inside  it-*-the  interstices  of  the  sand  are  therefore  strictly  limited  to  the 
volume  of  the  water  inside  it,  unless  forces  are  brought  to  bear  sufficient 
to  overcome  the  pressure  of  the  atmosphere  and  create  a  vacuum.  Sinc^ 
then,  owing  to  this  property  of  dilatancy,  the  shape  of  a  gianular  mass  at 
its  greatest  density  cannot  change  without  enlarging  the  interstices,  if  we 
prevent  this  enlargement  by  closing  the  bag  we  prevent  change  of  shape. 

Taking  the  same  bag,  the  sand  being  at  its  closest  order — and  closing 
the  neck  so  that  it  cannot  draw  more  water.  A  severe  pinch  is  put  on 
the  bag,  but  it  does  not  change  its  shape  at  all;  the  shape  cannot  alter 
without  enlarging  the  interstices,  which  cannot  enlarge  without  drawing 
more  water,  and  this  is  prevented.  To  show  that  there  is  an  effort  to  enlarge 
going  on,  it  is  only  necessary  to  open  a  communication  with  a  pressure- 
gauge,  as  in  the  experiment  with  air.  The  mercury  rises  on  the  side  of  the 
bag,  showing  when  the  pinch  is  hardest  (about  200  lbs.  on  the  planes)  that 
the  pressure  in  the  bag  is  less  by  27  inches  of  mercury  than  the  pressure 
of  the  atmosphere ;  a  little  more  squeezing  and  there  is  a  vacuum  in  the 
bag.  Without  a  knowledge  of  the  property  of  dilatancy  such  a  method 
of  producing  a  vacuum  would  sound  somewhat  paradoxical.  Opening  the 
neck  to  allow  the  entrance  of  water,  the  bag  at  once  yields  to  a  slight 
pressure,  changing  shape,  but  this  change  at  once  stops  when  the  supply 
is  cut  off,  preventing  further  dilatation. 

In  these  experiments  neither  the  thickness  of  the  bag,  nor  the  character 
of   the  fluid,   has  anything  to  do   with   the  dilatation  of   the  contents. 


51]       GRANULAR  MATERIAL,   POSSIBLY  CONNECTED  WITH   GRAVITATION.      223 

considered  as  forming  an  interior  group  of  a  continuous  medium,  the  bag 
merely  controlling  the  outside  members  as  they  would  be  controlled  by 
surrounding  grains,  aud  the  fluid  merely  measuring  or  limiting  the  volume 
oC  the  interstices. 

It  has,  however,  been  absence  of  such  control  of  the  outside  grains,  and 
such  means  of  measuring  the  volume  of  the  interstices,  that  has  prevented 
the  dilatancy  revealing  itself  as  a  general  mechanical  property  of  granular 
material ;  as  a  mechanical  property,  because  dilatancy  has  long  been  known 
to  those  who  buy  and  sell  com.  It  is  seldom  left  for  the  philosopher  to 
discover  anything  which  has  a  direct  influence  on  pecuniary  interests;  and 
when  com  was  bought  and  sold  by  measure,  it  was  in  the  interest  of  the 
vendor  to  make  the  interstices  as  large  as  possible,  and  of  the  vendee  to 
make  them  as  small ;  of  the  vendor  to  make  the  com  lie  as  lightly  as 
possible,  and  of  the  vendee  to  get  it  as  dense  as  possible.  These  interests 
are  obvious ;  but  the  methods  of  getting  com  dense  and  light  are  paradoxical 
when  compared  with  the  methods  for  other  material.  If  we  want  to  get 
any  elastic  material  light  we  shake  it  up,  as  a  pillow  or  a  feather  bed,  or 
a  basket  of  dried  fruit;  to  get  these  dense  we  squeeze  them  into  the 
measure.  With  com  it  is  the  reverse;  it  is  no  good  squeezing  it  to  get 
it  dense ;  if  we  try  to  press  it  into  the  measure  we  make  it  light — to  get  it 
dense  we  must  shake  it — which,  owing  to  the  surface  of  the  measure  being 
free,  causes  a  rearrangement  in  which  the  grains  take  the  closest  order. 

At  the  present  day  the  measure  for  corn  has  been  replaced  by  the  scales, 
but  years  ago  com  was  bought  and  sold  by  measure  only,  and  measuring 
was  then  an  art  which  is  still  preserved.  It  is  understood  that  the  corn  is 
to  be  measured  light,  and  the  method  employed  is  now  seen  to  have  made 
use  of  the  property  of  dilatancy.  The  measure  is  filled  over  full  and  the 
top  stmck  with  a  round  pin  called  the  strake  or  strickle.  The  universal  art 
is  to  put  the  strake  end  on  into  the  measure  before  commencing  to  fill  it. 
Then  when  heaped  full,  to  pull  the  strake  gently  out  and  strike  the  top; 
if  now  the  measure  be  shaken  it  will  be  seen  that  it  is  only  nine-tenths  full 

Sand  presents  many  striking  phenomena  well  known  but  not  hitherto 
explained,  which  are  now  seen  to  be  simply  evidence  of  dilatancy. 

Every  one  who  walks  on  the  strand  must  have  been  painfully  struck 
with  the  difl^erence  in  the  firmness  and  softness  of  the  sand  at  different 
times  ;  letting  alone  when  it  is  quite  dry  and  loose.  At  one  time  it  will  be 
so  firm  and  hard  that  you  may  walk  with  high  heels  without  leaving  a 
footprint ;  while  at  others,  although  the  sand  is  not  dry,  one  sinks  in  so  as  to 
make  walking  painful.  Had  you  noticed  you  would  have  found  that  the 
sand  is  firm  as  the  tide  falls,  and  becomes  soft  again  after  it  bas  been  left 
dry  for  some  hours.    The  reason  for  this  difference  is  exactly  the  same  as 
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tiiat  €S  the  dosed  bags  witib  water  and  air  io  the  interBtices  of  the  mni. 
The  tide  leaves  the  sand^  though  ai^parently  dif^^  on  the  sur&cep  with  all 
its  interstioes  perfectly  full  of  water^  which  m  kept  up  to  the  aurface  of  tbe 
sand  by  capillary  attraction ;  at  the  same  time  the  water  is  pctrcolnting 
through  the  sand  firom  the  sands  above,  where  the  eapiliary  action  is  ml 
sufficient  to  hold  the  water.  When  the  foot  falls  ou  thi^  water-:^tatuted 
sand,  it  tends  to  change  its  shape,  but  it  canuot  do  thi^  without  enlarging 
the  interstices — without  drawing  in  moapt  water.  This  k  a  work  of  time,  so 
that  the  hot  is  gone  again  be£(»e  the  saud  has  yielded  If  jou  stand  stOI, 
you  will  find  that  your  feet  sink  mcie  or  leas,  and  that  when  you  move,  the 
sand  becomes  wet  all  round  the  space  you  stood  on,  which  is  the  exc^B  of 
water  you  have  drawn  in,  set  free  by  the  sand  regaining  its  densest  form. 

One  phenomenon  attending  walking  on  Bnn  sand  m  very  striking ;  as  thif' 
foot  fidlSy  the  sand  aU  round  appears  to  shoot  white  or  dry  momeDtarily,  soon 
becoming  dark  again.    This  is  the  suction  into  the  enlarging  interstice 
below  the  foot,  which  for  the  m<Hnent  depresBes  the  capillary  surface  of  th& 
water  below  that  of  the  sand. 


After  the  tide  has  left  tiie  sand  (ox  a  sutiieient  time,  the  greater  part  oi 
the  water  has  run  out  of  the  interstices^  leaving  them  full  of  air,  which  bj 
expanding  allows  the  inteniticeB  to  enlarge,  and  tbe  foot  to  sink  in  faci 
enough  to  make  walking  unpleasant.  ^^^^^^^^J 

If  we  walk  on  sand  under  water,  it  is  always  more  or  less  soft^  for  the 

interstices  can  enlarge,  drawing  in  water  from  above. 

The  firmness  of  the  sand  is  thus  seen  to  be  due  to  the  interstices  being 
full  of  water,  and  to  the  capillary  action  or  surface  tension  of  the  water  at 
the  surface  of  the  sand.  This  capillary  action  will  hold  the  water  up  in  the 
sand  for  some  inches  or  feet/' according  to  the  fineness  of  the  sand.  This 
is  shown  by  a  somewhat  striking  experiment  If  sand  running  in  a  stream 
firom  a  small  hole  in  the  bottom  of  a  vessel,  as  in  an  hour-glass,  fall  into 
a  vessel  containing  a  slight  depth  of  water,  the  sand  at  first  forms  an  island, 
which  rises  above  the  water.  The  sand  which  then  falls  on  the  top  of  this 
island  is  dry  as  it  falls,  but  capillary  action  draws  up  the  water  which  fills 
the  interstices  and  gives  the  sand  coherence.  The  island  grows  vertically, 
very  fast,  and  assumes  the  form  of  a  column,  sometimes  with  branches  like 
a  tree  or  a  fern,  some  inches  or  even  a  foot  high.  The  strength  of  these 
consists  in  the  surface  tension  of  the  water  preventing  air  firom  being  drawn 
in  to  enlarge  the  interstices,  which  therefore  cannot  change  shape;  it  is 
therefore  another  evidence  of  dilatancy. 

By  substituting  an  impervious  envelope  for  the  surface  of  water,  firmness 
of  sand  saturated  with  water  may  be  rendered  very  striking. 


] 


51]       GRANULAR  MATERIAL,   POSSIBLY   CONNECTED   WITH   GRAVITATION.      225 

Thin  india-rubber  balloons,  which  may  be  easily  expanded  with  the  mouth, 
afford  an  almost  transparent  envelope. 

Taking  one  containing  about  six  pints  of  sand  and  water,  closed  without 
air,  there  being  more  water  than  will  fill  the  intersticas  at  the  densest,  but 
not  enough  to  allow  them  to  enlarge  to  the  full  extent.  When  standing  on 
the  table,  the  elasticity  of  the  envelope  gives  it  a  rounded  shape.  The  sand 
has  settled  down  to  the  bottom,  and  the  excess  of  water  appears  above 
the  sand,  the  surface  of  which  is  free.  The  bag  may  be  squeezed  and  its 
shape  altered,  apparently  as  though  it  had  no  firmness,  but  this  is  only 
so  long  as  the  surface  is  free.  But  taking  it  between  two  vertical  plates  and 
squeezing,  at  first  it  submits,  apparently  without  resistance,  when  all  at  once 
it  comes  to  a  dead  stop.  Turning  it  on  to  its  side,  a  56-lb.  weight  produces 
no  further  alteration  of  shape ;  but  on  removing  the  weight,  the  bag  at  once 
returns  to  its  almost  rounded  shape. 

Putting  the  bag  now  between  two  vertical  plates,  and  slightly  shaking 
while  squeezing,  so  as  to  keep  the  sand  at  its  densest,  while  it  still  has  a  free 
surface,  it  can  be  pressed  out  until  it  is  a  broad  flat  plate.  It  is  still  soft  as 
long  as  it  is  squeezed,  but  the  moment  the  pressure  is  removed,  the  elasticity 
of  the  bag  tends  to  draw  it  back  to  its  rounded  form,  changing  its  shape, 
enlarging  the  interstices,  and  absorbing  the  excess  of  water;  this  is  soon  gone, 
and  the  bag  remains  a  flat  cake  with  peculiar  properties.  To  pressures  on  its 
sides  it  at  once  yields,  such  pressures  having  nothing  to  overcome  but  the 
elasticity  of  the  bag,  for  change  of  shape  in  that  direction  causes  the  sand 
to  contract.  To  radial  pressures  on  its  rim,  however,  it  is  perfectly  rigid, 
as  such  pressures  tend  further  to  dilate  the  sand ;  when  placed  on  its  edge, 
it  bears  one  cwt.  without  flinching. 

If,  however,  while  supporting  the  weight  it  is  pressed  sufficiently  on  the 
sides,  all  strength  vanishes,  and  it  is  again  a  rounded  bag  of  loose  sand  and 
water. 

By  shaking  the  bag  into  a  mould,  it  can  be  made  to  take  any  shape ; 
then,  by  drawing  off  the  excess  of  water  and  closing  the  bag,  the  sand 
becomes  perfectly  rigid,  and  will  not  change  its  shape  without  the  envelope 
be  torn ;  no  amount  of  shaking  will  effect  a  change.  In  this  way  bricks  can 
be  made  of  sand  or  fine  shot  full  of  water  and  the  thinnest  india-rubber 
envelope,  which  will  stand  as  much  pressure  as  ordinary  bricks  without 
change  of  shape  ;  also  permanent  casts  of  figures  may  be  taken. 

I  have  now  shown,  as  fully  as  time  will  allow,  the  experiments  which 
afford  evidence  of  the  existence  of  the  property  of  dilatancy,  and  how  it 
explains  natural  phenomena  hitherto  but  little  noticed. 

Beyond  affording  evidence  of  the  existence  of  the  property  dilatancy, 
o.  R.  n.  15 
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the^se  experiments  have  no  direct  connection  with  gravitation  or  the  physi<ml 
propertiea  of  matter. 

These  properties  cannot  be  deduced  by  direct  experiment  on  graniilai 
material,  for  the  simple  reason  that  the  grains  of  the  raedium  which  <x)n- 
stitutes  the  ether  must  be  free  from  friction,  while  the  grains  with  which 
wo  work  are  subject  to  friction.  These  properties  can  only  be  deduced 
by  mathematical  reasonings  into  which  I  will  not  drag  you  to* night,  I 
will  merely  point  out  two  or  three  facts,  which  may  serve  to  convey  an 
idea  of  how  dilatancy  should  have  such  a  bearing  on  the  foundation  of  the 
universe. 
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If  you  look  at  this  diagram,  you  see  it  represents  a  ball  surrounded  by  & 
continuous  mass  of  grain,  the  density  of  the  grains  being  indicated  by  the 
depth  of  colour.  If  that  ball  were  to  grow  in  volume,  it  would  have  to  push 
out  the  medium  on  all  sides,  and  in  that  way  it  would  distort  the  groups  of 
gmins,  or  change  their  form,  causing  the  interstic^p  to  increase ;  those  nearer 
the  ball  would  be  distoj  ted  more  than  those  further  away.  Then  the  inter- 
stices  of  these  would  grow  the  most  rapidly,  and  those  adjacent  to  the  ball 
would  first  come  to  their  openest  order  for  furtlier  growth  ;  these  would 
contract  somewhat,  those  a  little  further  away  would  reach  the  openest  order, 
and  if  the  process  of  growth  steadily  continued,  we  should  have  a  series  of 
undulations  of  density,  commencing  at  the  ball  and  moving  outwanis;  the 
first  of  these  waves  of  open  order  would  not,  however,  get  beyond  halffl 
the  diameter  of  the  ball  away.  The  diagram  represents  the  interstices  that 
would  result,  if  a  single  grain  of  the  material  had  grown  to  the  size  of  the  ball, 
pushing  the  medium  out  before  it.  It  is  not  necessary  that  the  ball  should 
have  grown,  to  produce  this  result;  however  the  ball  were  originally  placed, 
if  it  were  moved  away  from  its  original  place,  it  would  assume  this  arrange- 
ment, and  with  this  arrangement  it  would  be  free  to  move.  Now,  although 
I  cannot  attempt  to  enter  upon  the  relation  between  the  density  of  the 
medium,  and  the  force  of  attraction  between  two  bodies  in  it,  I  may  call  your 
attention  to  this  fact,  that  the  dilatation  as  calculated,  varies  exactly  as  the 
force  of  gravitation,  inversely  as  the  square  of  the  distance  from  an  infinite 
distance  till  close  to  the  ball,  and  then  goes  through  several  undulations, 
corresponding  exactly  to  the  variations  in  the  attraction  of  bodies  necessary 
to  explain  the  elasticity  and  cohesion  of  molecules.  As  is  shown  in  the 
other  diagrams,  these  undulations  in  density,  which  may  be  experimentally 
produced,  not  only  appear  to  afibrd  a  clear  explanation  of  cohesion,  but  are 
the  only  suggestion  of  an  explanation  ever  made.  And  further,  similar 
undulations  have  been  found  necessary  to  explain  one  of  the  phenomena 
of  light.  My  reason  for  calling  your  attention  to  them  was  partly  an 
experiment,  which,  although  not  the  most  striking,  is  the  most  advanced 
experiment  in  the  direction  of  dilatancy. 
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The  apparatus  is  that  represented  in  the  diagram;  the  medium  is  con- 
tained in  the  large  elastic  bag ;  in  the  middle  of  this  bag  is  a  small  hollow 
elastic  ball,  which  can  be  expanded  by  water  forced  in  through  a  tube 
passing  through  the  medium  and  outside  ball ;  the  quantity  of  water  which 
passes  in  is  measured  by  a  mercury  gauge,  the  water  being  forced  in  by  the 
pressure  of  the  mercury.  The  medium  between  the  two  balls  is  sand  and 
water,  and  is  connected  with  a  gauge,  the  water  drawn  from  which  measures 
the  dilatation. 

The  fiill  pressure  of  30  inches  is  on  the  interior  ball,  but  produces  no 
expansion,  because  the  medium  outside  cannot  dilate,  as  the  supply  of  water 
is  now  cut  off;  opening  the  tap  to  admit  water  to  the  outer  ball,  it  at  once 
draws  water.  It  has  now  drawn  3  oz. ;  in  the  meantime  the  mercury  has 
fallen,  showing  that  an  ounce  and  a  half  was  admitted  to  the  interior  ball, 
the  expansion  of  which  drew  the  water  into  the  outer  envelope.  This 
experiment  is  not  striking,  but  it  is  definite,  and  enables  us  to  measure  the 
dilatation  consequent  on  a  given  distortion. 

It  is  impossible  for  me  to  go  further  into  this  explanation,  so  I  will  merely 
state  that  the  ability  of  the  grains  of  a  medium  to  slide  over  a  smooth  surface 
has  been  experimentally  shown  to  produce  phenomena  closely  resembling  the 
conduction  of  electricity,  to  complete  which  it  is  only  necessary  to  construct 
the  medium  of  two  different  sorts  of  grains,  different  in  size  or  different 
in  shape,  the  separation  of  which  would  afford  the  two  electricities,  and  be  a 
simple  way  out  of  the  diflSculty  hitherto  found  in  explaining  the  non-exhaus- 
tibility  of  the  electricity  in  a  body.  Hitherto  the  two  electric  fluids  have 
been  supposed  to  reside  together  in  the  matter  of  the  machine,  which,  how- 
ever much  has  been  withdrawn,  has  never  shown  signs  of  exhaustion.  In  the 
dilatant  hypothesis,  these  electricities  are  the  two  constituents  of  the  ether 
which  the  machine  separates,  and  it  is  worth  noticing  that  the  ordinary 
electrical  machine  resembles  in  all  essential  particulars  the  machines  used  by 
seedsmen  for  separating  two  kinds  of  seed,  trefoil  and  rye-grass,  which  grow 
together :  as  long  as  there  is  a  supply  of  the  mixture,  the  machine  is  never 
exhausted. 

This  dilatant  hypothesis  of  ether  is  very  promising,  although  it  cannot  be 
put  forward  as  proved  until  it  has  been  worked  out  in  detail,  which  will  take 
long.  In  the  meantime  it  is  put  forward  mainly  to  excite  interest  in  the 
property  of  dilatancy,  to  the  discovery  of  which  it  has  led.  This  property, 
now  that  it  has  once  been  recognised,  is  quite  independent  of  any  hypothesis, 
and  offers  a  new  field  for  philosophical  and  mathematical  research  quite 
independent  of  the  ether. 
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ON  THE  THEORY  OF  LUBBICATION  AND  ITS  IJfBULOATlGS 
TO  MR  BEAUOHAMP  TOWER'S  RXFERTMBNTO,  INCE.UD* 
INO  AN  EXPERIMENTAL  DETERMINATION  OF  THE  flB- 
OOSITY  OF  OnVE  OIL. 

[From  the  ''Philosophical  TranaaddoiiB  of  the  Royal  aoQi»ff/*,TMf\  188&] 

Skction  L— Intboduoioet. 

1.  LuBBiCATioii,  or  the  action  of  oils  and  other  ▼iBOons  fluids  to  daunak 
fiiotion  and  wear  between  solid  surfi^ces,  does  not  appear  to  have  hitlMrto 

formed  a  subject  for  theoretical  treatment.  Such  treatment  may  have  been 
prevented  by  the  obscurity  of  the  physical  actions  involved,  which  belong  to 
a  class  as  yet  but  little  known,  namely,  the  boundary  or  surface  actions  of 
fluids ;  but  the  absence  of  such  treatment  has  also  been  owing  to  the  want  of 
any  general  laws  discovered  by  experiment. 

The  subject  is  of  such  fundamental  importance  in  practical  mechanics, 
and  the  opportunities  for  observation  are  so  frequent,  that  it  may  well 
be  a  matter  of  surprise  that  any  general  laws  should  have  for  so  long  escaped 
detection. 

Besides  the  general  experience  obtained,  the  friction  of  lubricated  surfaces 
has  been  the  subject  of  much  experimental  investigation  by  able  and  careful 
experimenters.  But,  although  in  many  cases  empirical  laws  have  been 
propounded,  these  fail  for  the  most  part  to  agree  with  each  other  and  with 
the  more  general  experience. 

2.  The  most  recent  investigation  is  that  of  Mr  Beauchamp  Tower,  under- 
taken at  the  instance  of  the  Institution  of  Mechanical  Engineers.  Mr  Towers 
first  report  was  published  November,  1883,  and  his  second  report  in  1884 
{Proc.  Inst,  Mechanical  Engineers). 
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In  these  reports  Mr  Tower,  making  no  attempt  to  formulate,  states  the 
results  of  experiments  apparently  conducted  with  extreme  care  and  under 
very  various  and  well-chosen  circumstances.  Those  results  which  were 
obtained  under  the  ordinary  conditions  of  lubrication  so  far  agree  with 
the  results  of  previous  investigators  as  to  show  a  want  of  any  regularity. 
But  one  of  the  causes  of  this  want  of  regularity,  irregularity  in  the  supply  of 
the  lubricant,  appears  to  have  occurred  to  Mr  Tower  early  in  his  investiga- 
tion, and  led  him  to  include  amongst  his  experiments  the  unusual  circum- 
stances of  surfaces  completely  immersed  in  oil.  This  was  very  fortunate,  for 
not  only  do  the  results  so  obtained  show  a  great  degree  of  regularity,  but  while 
making  these  experiments  he  was  accidentally  led  to  observe  a  phenomenon 
which,  taken  with  the  results  of  his  experiments,  amounts  to  a  crucial  proof 
that  in  these  experiments  with  the  oil  bath  the  surfaces  were  completely  and 
continuously  separated  by  a  film  of  oil ;  this  film  being  maintained  by  the 
motion  of  the  journal,  although  the  pressure  in  the  oil  at  the  crown  of  the 
bearing  was  shown  by  actual  measurement  to  be  as  much  as  C25  lbs.  per 
sq.  inch  above  the  pressure  in  the  oil  bath. 

These  results  obtained  with  the  oil  bath  are  very  important,  notwith- 
standing that  the  condition  is  not  common  in  practice.  They  show  that  with 
perfect  lubrication  a  definite  law  of  variation  of  the  friction  with  the  pressure 
and  velocity  holds  for  a  particular  journal  and  brass.  This  strongly  implies 
that  the  irregularity  previously  found  was  due  to  imperfect  lubrication. 
Mr  Tower  has  brought  this  out: — Substituting  for  the  bath  an  oily  pad, 
pressed  against  the  free  part  of  the  journal,  and  making  it  so  slightly  greasy 
that  it  was  barely  perceptible  to  the  touch,  he  again  found  considerable 
regularity  in  the  results ;  these,  however,  were  very  different  from  those  with 
the  bath.  Then  with  intermediate  lubrication  he  obtained  intermediate 
results,  of  which  he  says  : — "  Indeed,  the  results,  generally  speaking,  were  so 
uncertain  and  irregular  that  they  may  be  summed  up  in  a  few  words.  The 
friction  depends  on  the  quantity  and  uniform  distribution  of  the  oil,  and  may 
be  anything  between  the  oil  bath  results  and  seizing,  according  to  the 
perfection  or  imperfection  of  the  lubrication." 

3.  On  reading  Mr  Tower  s  report  it  occurred  to  the  author  as  possible 
that,  in  the  case  of  the  oil  bath,  the  film  of  oil  might  be  sufficiently  thick  for 
the  unknown  boundary  actions  to  disappear,  in  which  case  the  results  would 
be  deducible  from  the  equations  of  hydrodynamics.  Mr  Tower  appears  to 
have  considered  this,  for  he  remarks  that  according  to  the  theory  of  fluid 
friction  the  resistance  would  be  as  the  square  of  the  velocity,  whereas  in  his 
results  it  does  not  increase  according  to  this  law.  C!onsidering  how  very 
general  the  law  of  resistance  as  the  square  of  the  velocity  is  with  fluids, 
there  is  nothing  remarkable  in  the  assumption  of  its  holding  in  such  a  case. 
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But  the  study  of  th*3  behaviour  of  fliiisl  in   very  mmU  channels,  aad  fU* 
ticularly  the  recent  deterniintvtioii  by   the  author  of  the  critical  velocity 
at  which  this  law  changes  from  that  of  the  square  of  the  vekicity  to  that 
of  the  simple  ratio,  jshows  that  with  such  highly  viscous  fluids  m  oils,  such 
small  spaces  as  those  exii<ting  between  the  journal  and  its  bearing,  and  such 
limited   velocity  as  that  of  the  Burface  of  the  jounml,  the  resistance  would 
vary,  cwteris  paribus^  as  the  velocity.     Further,  the  thickness  of  the  oil  filfli  ■ 
would  not  be  uniform  and  might   be  affected  by  the  velocity,  and  as  the 
resistance  would  vary,  cwteri^  pat'ibuH,  inversely  as  the  thickness  of  the  filra^ 
the  velocity  might  exert  in  this  way  a  secondary  effect  on  the  resistance ;  and, 
further  still,  the  resistance  would  depend  on  the  viscosity  of  the  oil,  and  this 
depends  on  the  temperature.     But  as  Mr  Tower  had  been  careful  to  make  all  - 
his  experiroents  iu   the  same  series  with  the  journal  at  a  temperature  of  f 
90''  Fahr,  it  did  not  at  first  appear  that  there  could  be  any  considerable 
tempemture  effect  in  his  results.  ■ 

4  The  application  of  the  hydrodynamics  equations  to  circumstancea 
similar  in  so  far  as  they  were  known  to  those  of  Mr  Tower^s  experiments,  at 
once  led  to  an  equation  between  the  variation  of  pressuie  over  the  surfaci^ 
and  the  velocity,  which  equation  appeared  to  explain  the  ejtistence  of  the  | 
film  of  oil  at  high  pressure.  This  equation  was  mentioned  in  a  paper  read 
before  Section  A,  of  the  British  Association  at  Montreal,  1S84.  U  alsa 
appears  from  a  paragraph  in  the  Presidents  Address  {Brit  Assoc.  Rep.,  1SS4, 
p.  14)  that  Professor  Stokes  and  Lioi'd  Hayleigh  had  simultaneously  arrived  at 
a  similar  result.  At  that  time  the  author  had  no  idea  of  attempting  its 
integration.  On  subsequent  consideration,  however,  it  appeared  that  the 
equation  might  be  transformed  so  as  to  be  approximately  integrated,  and  the 
theoretical  results  thus  definitely  compared  with  the  experimental. 

5.  The  result  of  this  comparison  was  to  show  that  with  a  particular 
journal  and  brass,  the  mean  thickness  of  the  film  of  oil  would  be  sensibly 
constant,  and  hence,  if  the  viscosity  was  constant,  the  resistance  would 
increase  directly  as  the  speed.  As  this  was  not  in  accordance  with  Mr  Tower's 
experiments,  in  which  the  resistance  increased  at  a  much  slower  rate,  it 
appeared  that  either  the  boundary  actions  became  sensible,  or  that  there 
must  have  been  a  rise  in  the  temperature  of  the  oil  which  had  escaped  the 
thermometers  used  to  measure  the  temperature  of  the  journal. 

That  there  would  be  some  excess  of  temperature  in  the  oil  film,  on  which 
all  the  work  of  overcoming  the  friction  is  spent,  is  certain;  and  after  ccurefiilly 
considering  the  means  of  escape  of  this  heat,  it  seems  probable  that  there 
would  be  a  difference  of  several  degrees  between  the  oil  bath  and  the  film 
of  oil. 
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This  increase  of  temperature  would  be  attended  by  a  diminution  of 
viscosity,  so  that,  as  the  resistance  and  temperature  increased  with  the 
velocity,  the  viscosity  would  diminish  and  cause  a  departure  from  the  simple 
ratio. 

6.  In  order  to  obtain  a  quantitative  estimate  of  these  secondary  effects, 
it  was  necessary  to  know  exactly  the  relation  between  the  viscosity  and 
temperature  of  the  lubricant  used.  For  this  purpose  an  experimental  deter- 
mination was  made  of  the  viscosity  of  olive  oil  at  different  temperatures  as 
compared  with  the  known  viscosity  of  water.  From  the  results  of  these 
experiments  an  empirical  formula  has  been  deduced,  by  means  of  which 
definite  expressions  have  been  obtained  for  the  approximate  variation  of  the 
viscosity  with  the  speed  and  load.  Taking  these  variations  of  viscosity  into 
account,  the  results  obtained  from  the  hydrodynamical  theory  are  brought 
into  complete  accordance  with  these  experiments  of  Mr  Tower.  Thus  we 
have  not  only  an  explanation  of  the  very  novel  phenomena  brought  to  light 
by  these  experiments,  and  what  appears  to  be  an  important  verification  of 
the  assumptions  on  which  the  theory  of  hydrodynamics  is  founded,  but  we 
also  find,  what  is  not  shown  in  the  experiments,  how  the  various  circum- 
stances under  which  the  experiments  have  been  made  affect  the  results. 

7.  Two  circumstances  particularly  are  brought  out  in  the  theory  as 
principal  circumstances  which  seem  to  have  hitherto  entirely  escaped  notice, 
even  that  of  Mr  Tower. 

One  of  these  is  the  difference  in  the  radii  of  the  journal  and  of  the  brass 
or  bearing. 

It  is  well  known  that  the  fitting  between  the  journal  and  its  bearing 
produces  a  great  effect  on  the  carrying  power  of  the  journal,  but  this  fitting 
is  rather  supposed  to  be  a  matter  of  smoothness  of  surface  than  a  degree  of 
correspondence  in  radiL  The  radius  of  the  bearing  must  always  be  as  much 
larger  than  that  of  the  journal  as  is  necessary  to  secure  an  easy  fit ;  but 
more  than  this,  I  think,  has  never  been  suggested. 

Now  it  appears  from  the  theory  that  if  viscosity  were  constant  the  friction 
would  be  inversely  proportional  to  the  difference  in  radii  of  the  journal  and 
the  bearing,  and  this  although  the  arc  of  contact  is  less  than  the  semicircum- 
ference.  Taking  the  temperature  into  account,  it  appears,  from  the  com- 
parison of  the  theoretical  results  with  the  experimental,  that  at  a  temperature 
of  70°"5  Fahr.  the  radius  of  one  of  the  brasses  used  was  '00077  inch  greater 
than  that  of  the  journal,  while  at  a  temperature  of  70°  Fahr.  that  of  the 
other  was  '00084  inch,  or  9  per  cent,  larger  than  the  first. 

These  two  brasses  were  probably  both  bedded  to  the  journal  in  the  same 
way,  and  had  neither  of  them  been  subjected  to  any  great  amount  of  wear,  so 
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that  there  is  nothing  surprising  in  their  being  so  nearly  t^  saoie  fit  It 
would  be  extremely  interesting  to  find  wheth^  proloo^^ed  wear  of  tiie  \mm 
tends  to  preserve  or  destanoy  the  fit  This  does  not  af^ear  ftma  Mr  Towei^8 
experiments.  It  does  appear,  however,  that  with  an  inafoaae  of  tefiqpenlme 
the  brass  expands  more  than  the  journal,  and  that  its  radios  ioqpoasos  as  the 
load  increases  in  a  very  definite  manner. 

Another  circumstance  brought  out  by  the  theory».aad  remaribed  <»  htA 
by  Lord  Rayleigh  and  the  author  at  Montreal,  bat  not  befom  expected, 
is  that  the  point  of  nearest  apiMroach  of  the  journal  to  the  bsaas  la  not  by  any 
means  in  the  line  of  the  load,  i^d,  what  is  still  m<»«  eoirtmy  to  commoa 
supposition,  is  on  the  off*  side  of  the  line  of  load 

This  circumstance,  the  reason  for  which  is  rendered  perfectly  clear  by  tb^ 
ccmditions  of  equilibrium,  at  once  accounts  for  a  singular  phenoiiieiiou 
mentioned  by  Mr  Tower,  viz.,  that  the  journal  having  been  run  in  one 
direction  until  the  initial  tendency  to  heat  had  entirely  disappeaied,  on  beiiig 
reversed  it  immediately  began  to  heat  again ;  but  this  effect  stopped  when 
the  process  had  been  often  repeated.  The  fiact  being  that  running  in  oni 
direction  the  brass  had  been  worn  to  the  journal  only  on  the  off  side  for  thai 
direction,  so  that  when  the  motion  was  reversed  the  new  off  side  wm  lik^ 
a  new  brass. 


7  A.    The  circumstances  which  determine   the   greatest  load  which  a 

bearing  will  carry  with  complete  lubrication,  i.e.,  with  the  film  of  oil  extend- 
ing between  brass  and  journal  throughout  the  entire  arc,  are  definitely 
shown  in  the  theory. 

The  effect  of  increasing  the  load  beyond  a  certain  small  value,  being  to 
cause  the  brass  to  approach  nearer  to  the  journal  at  a  point  H,  which  moves 


Fig.  1. 

from  A  towards  0  as  the  load  increases,  and  when  the  load  is  such  that  the 
least  separating  distance  is  about  half  the  difference  of  radii,  the  angular 

*  '*  On  "  and  '*  off"  sides  of  the  line  of  load  are  used  by  Mr  Tower  to  express  respectively  the 
sides  of  approach  and  succession,  as  B  and  A  in  the  figure,  the  arrow  indicating  the  direction  of 
rotation. 
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position  of  H  is  40°  to  the  off  side  of  0,  the  middle  of  the  brass.  At  this 
point  the  pressure  in  the  oil  film  is  everywhere  greater  than  at  A  and  B,  the 
extremities  of  the  brass,  but  when  the  load  further  increases  the  pressure 
towards  A  on  the  off  side  becomes  smaller  or  negative.  This,  when  sufficient, 
will  cause  rupture  in  the  oil  film,  which  will  then  only  extend  between  the 
brass  and  journal  over  a  portion  of  the  whole  arc,  and  a  smaller  portion  as  the 
load  increases.  Thus,  since  the  amount  of  negative  pressure  which  the  oil  will 
bear,  depends  on  circumstances  which  are  uncertain,  the  limit  of  the  safe  load 
for  complete  lubrication  is  that  which  causes  the  least  separating  distance  to 
be  half  the  distance  of  radii  of  the  brass  and  journal. 

The  rupture  of  the  oil  film  does  not  take  place  at  the  point  of  nearest 
approach,  and  hence  the  brass  may  still  be  entirely  separate  from  the  journal, 
and  could  the  integrations  be  effected  it  would  be  possible  to  deal  as 
definitely  with  this  condition  as  with  that  of  complete  lubrication ;  but  these 
difficulties  have  limited  the  actual  application  of  the  theory  to  complete 
lubrication.  This  however  by  no  means  requires  an  oil  bath,  but  merely 
sufficient  oil  on  the  journal. 

What  happens  when  the  supply  of  oil  is  limited,  i.e.,  insufficient  for  com- 
plete lubrication,  cannot  be  definitely  expressed  without  further  integrations; 
but  sufficient  may  be  seen  to  show  that  the  brass  will  still  be  completely 
separated  from  the  journal,  although  the  separating  film  will  not  touch  the 
brass,  except  over  a  limited  area;  but  in  this  case  it  is  easy  to  show  by 
general  reasoning  that  in  the  one  extreme,  where  the  supply  of  oil  is  limited, 
the  friction  increases  directly  as  the  load  and  is  independent  of  the  velocity, 
while  in  the  other,  where  the  oil  is  abundant,  the  circumstances  are  those  of 
the  oil  bath. 

The  effect  of  the  limited  length  of  the  journal  is  also  apparent  in  the 
equations,  as  is  also  the  effect  of  necking  the  shaft  to  form  the  journal, 
so  that  the  ends  of  the  brass  are  against  flanges  on  the  shaft. 

The  theory  is  perfectly  applicable  to  cases  in  which  the  direction  of  the 
load  on  the  bearing  varies,  as  with  the  crank  pin  and  with  the  bearings 
of  the  crank  shaft  of  the  steam-engine;  but  these  cases  have  not  been 
considered,  as  there  are  no  definite  experiments  to  compare. 

8.  Although  in  the  main  the  present  investigation  has  been  directed  to 
the  circumstances  of  Mr  Towers  experiments,  viz.,  a  cylindrical  journal 
revolving  in  a  cylindrical  brass,  it  has,  on  the  one  hand,  been  found  necessary 
to  proceed  from  the  general  equations  of  equilibrium  of  viscous  fluids,  and, 
on  the  other  hand,  to  consider  somewhat  generally  the  physical  propert'"  '^ 
viscosity  and  its  dependence  on  temperature. 
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ON  THB  THBOBY  OV  LOHaiCATION 


Tbe  property  of  viscosity  has  been  discussed  at  length  in  Section  IL; 
which  section'  also  ocmtains  the  acoonnt  of  an  experimental  inveatigatioa  113   - 
to  the  viscosity  of  olive  oil 

The  general  theory  deduced  fhmi  the  hydrodynatnksal  eqaatioDS  finr 
viscous  fluids,  with  the  methods  of  apjdicaticmy  is  given  in  Seotions  IV^  Y., 
VL,  VII.,  and  VIIL  ^^  ^^^ 

As  there  are  some  considerations  which  ^Sibtfl^  be  take^f^^Qcount  in 
the  more  general  method,  which  method  al&o  tends  to  render  obscure  lihe 
more  immediate  purpose  of  the  investigation,  a  preliminary  dmcussion  of  die 
problem,  illustrated  by  aid  of  the  graphic  nieth«>d,  has  been  intnKiuctfd  as 
Section  EH.  Finally,  the  definite  application  of  the  theory  to  Mr  Towai^s 
ezpmments  is  given  in  Section  IX. 


SKmoN  U.— The  PBOPSBTin  of  I^jwmoMmn. 


9.    17^  Defimtim  of  Viaooriig. 


In  distinguiBhing  between  solid  and  fluid  matter,  it  is  eoslomaiy  to  define 
fluid  as  a  state  of  matter  incapable  of  sustaining  tangential  or  diearoig  stieaa 
This  definition,  however,  as  is  well  known,  is  only  true  as  applied  to  aekui 

fluids  when  at  rest.  The  resistance  encountered  by  water  and  all  known 
fluids  flowing  steadily  along  parallel  channels,  affords  definite  proof  that 
in  certain  states  of  motion  all  actual  fluids  will  sustain  shearing  stress. 
These  actual  fluids  are,  therefore,  called  in  the  language  of  mathematics 
imperfect  or  viscous  fluids. 

In  order  to  obtain  the  equations  of  motion  of  such  fluids,  it  has  been 
necessary  to  define  clearly  the  property  of  viscosity.  This  definition  has 
been  obtained  from  the  consideration  that  to  cause  shearing  stress  in  a  body 
it  is  necessary  to  submit  it  to  forces  tending  to  change  its  shape.  Forces 
tending  to  cause  a  general  motion,  whether  linear,  revolving,  uniform  expan- 
sion, or  uniform  contraction,  call  forth  no  shearing  stress. 

Using  the  term  distortion  to  express  change  of  shape,  apart  from  change 
of  position,  uniform  expansion,  or  contraction,  the  viscosity  of  a  fiuid  is 
defined  as  the  shearing  stress  caused  in  the  fluid  while  undergoing  distor- 
tion, and  the  shearing  stress  divided  by  the  rate  of  distortion  is  called  the 
coefficient  of  viscosity,  or,  commonly,  the  viscosity  of  the  fluid. 

This  is  best  expressed  by  considering  a  mass  of  fluid  bounded  by  two 
parallel  planes  at  a  distance  a,  and  supposing  the  fluid  between  these  planes 
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to  be  in  motion  in  a  direction  parallel  to  these  surfaces  with  a  velocity 
which  varies  uniformly  from  0  at  one  of  these  surfaces  to  u  at  the  other. 
Then  the  rate  of  distortion  is 

u 

a 

and  the  shearing  stress  on  a  plane  parallel  to  the  motion  is  expressed  by 

/-"i  W' 

/A  being  the  coefficient  of  viscosity  or  the  modulus  of  the  resistance  to  distor- 
tional  motion. 

10.     The  Character  of  Viscosity, 

In  dealing  with  ideal  fluids,  it  is  of  course  allowable  to  consider  /a  as 
being  zero  or  having  any  conceivable  value;  but  practically,  as  regards 
natural  philosophy,  the  value  of  any  such  considerations  depends  on  whether 
the  calculated  behaviour  of  the  ideal  fluid  is  found  to  agree  with  the 
behaviour  of  the  actual  fluids — whether  taking  a  particular  fluid,  a  value  of 
fjL  can  be  found  such  that  the  values  of  /  calculated  by  equation  (1)  agree  with 
the  values  of /  determined  by  experiments  for  all  values  of  a  and  u. 

In  the  mathematical  theory  of  viscous  fluid,  fi  is  assumed  to  be  constant 
for  a  particular  fluid.  This  supposition  is  sometimes  justified  by  reference 
to  some  assumed  dynamical  constitution  of  fluids;  but  apart  from  such 
hypotheses  there  is  no  more  ground  for  supposing  a  constant  value  for  /jl 
than  there  is  for  supposing  a  particular  law  of  gravitation,  in  other  words, 
there  is  no  ground  at  all.  If  a  particular  value  of  fi  is  found  to  bring  the 
calculated  results  into  agreement  with  all  experimental  results,  then  this 
value  of  fjL  defines  a  property  of  actual  fluids,  and  of  course  it  has  been  with 
this  object  that  the  mathematical  theory  of  /x  has  been  studied. 

The  chief  question  as  regards  /x  is  a  simple  one — within  a  particular 
fluid  is  fi  constant  ?  In  other  words,  is  viscosity  a  property  of  a  fluid  like 
inertia  which  is  independent  of  its  motion  ?  If  it  is,  our  equations  may  be 
useful ;  if  it  is  not  then  the  introduction  of  /x  into  the  equations  renders 
them  so  complex  that  it  is  almost  hopeless  to  expect  anything  from  them. 

Another  question  of  scarcely  less  practical  importance  relates  to  the 
character  of  /i  near  the  bounding  surfaces  of  the  fluid.  If  /x  is  constant 
in  the  fluid,  does  it  change  its  value  near  the  boundary  of  the  fluid  ?  Is 
there  anything  like  slipping  between  the  fluid  and  a  solid  boundary  with 
which  it  is  in  contact  ? 

As  regards  the  answers  to  these  questions  the  present  position  is  some- 
what as  follows : — 
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The  goneral  experience  that  the  I'c^sistance  varies  as  the  square  of 
velocity  iw  an  absolute  proof  that  /i  is  not  constant  unless  a  restricted  meaning 
be  given  to  the  definition  of"  viBcositj,  excluding  such  part  of  the  resistance 
aa  may  be  due,  in  the  way  explained  by  Prof  Htokes*,  to  internal  eddi€^  or 
croaa  streams,  however  insensible  the3«3  may  be,  s^j  long  as  they  are  not  simply 
molecular  motions,  h 

On  the  other  hand  in  the  definite  experiments  made  by  Colomb,  And 
particularly  by  Poise  uille,  it  was  found  that  the  resistance  was  proportional 
to  the  velocity,  and  therefore  that/*  was  absolutely  eonstant~t.e„  independent 
of  the  velocity!.  M 

To  meet  this  discordance  it  has  been  supposed  that  p.  varied  with  the 
rate  of  distortion — t.e.,  is  a  function  of  uja,  but  is  sensibly  constant  when 
w/a  is  small  J. 


I 


To  asaume  this,  however^  is  to  neglect  Poiseuille's  ejiperiments,  in  which 
he  diund  for  water  the  resistance  absolutely  proportional  to  the  velocity  in 

a   tube  *6  mm.   diameter  up  to  a  velwity  of  6  metises  per  second,  which  h 
corresponds  to  a  value  of  «/ci^  20,000.  ^ 

On  the  other  hand  it  is  found  by  Darcy  §  and  others  in  large  tubes  that 

the  resistance  varies  as  the  square  of  the  velocity  for  values  of  - ,  as  low 

as  1.  Thus  in  a  tube  of  '6  mm.  we  have  fi  constant  for  all  rates  of  distor- 
tion below  20,000,  while  in  a  tube  of  500  mm.  diameter  /x  is  a  function  of 
the  distortion  for  all  values  greater  than  1. 

It  is,  therefore,  clear  that  if  /x  is  a  function  of  the  distortion  it  must  also 
be  a  function  of  the  dimensions  of  the  channels,  and  in  that  case  fj,  cannot 
be  considered  as  a  property  of  the  fluid  only. 

The  change  in  the  law  of  resistance  from  the  simple  ratio  has,  however, 
been  shown  by  the  author  to  be  due  to  a  change  in  the  character  of  the 
motion  of  the  fluid  from  that  of  direct  parallel  motion  to  that  of  sinuous 
or  eddying  motion  ||. 

•  Stokes's  Reprint,  vol.  i.,  p.  99. 
t  Paris  M^m.  Savans  Etrang,,  torn.  9  (1846),  p.  434. 
t  Lamb's  Motion  of  Fluids,  1879,  Art.  180. 
§  Recherches  Expl.    Paris,  1862. 

II  **  An  Experimental  Investigation  of  the  circumstances  which  determine  whether  the  Motion 
of  Water  shall  be  Direct  or  Sinuous."     Phil.  Trans.,  vol.  174  (1883),  p.  935. 
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In  the  latter  case,  although  the  mean  motion  at  any  point  taken  over  a 
sufficient  time  is  parallel  to  the  pipe,  it  is  made  up  of  a  succession  of  motions 
crossing  the  pipe  in  different  directions. 

The  question  as  to  whether,  in  the  case  of  sinuous  motion,  /i  is  to  be 
considered  as  a  function  of  the  velocity  or  not,  depends  on  whether  we 
regard  /  as  expressing  the  instantaneous  shearing  stress  at  a  point,  or  the 
mean  over  a  sufficient  time.  Whether  we  regard  the  symbols  in  the 
equations  of  motion  as  expressing  the  instantaneous  motion  or  the  mean 
taken  over  a  sufficient  time. 

If  the  latter,  then  fi  must  be  held  to  include,  in  addition  to  the  mean 
stress,  the  momentum  per  second  parallel  to  u  carried  by  the  cross  streams 
in  the  negative  direction  across  the  surface  over  which  f  is  measured. 

If,  however,  we  regard  the  motion  at  each  instant,  then  we  must  restrict 
our  definition  of  viscosity  by  making  /  the  instantaneous  value  of  the 
intensity  of  resistance  at  a  point. 

This  is  a  quantity  which  we  have  and  can  have  no  means  of  measuring 
except  under  circumstances  which  secure  that  /  is  constant  for  all  points 
over  a  given  surface,  and  for  all  instants  over  a  given  time. 

It  thus  appears  that  there  are  two  essentially  distinct  viscosities  in  fluids. 
The  one  a  mechanical  viscosity  arising  from  the  molar  motion  of  the  fluid, 
the  other  a  physical  property  of  the  fluid.  It  is  worth  while  to  point  out 
that,  although  the  conditions  under  which  the  first  of  these — the  mechanical 
viscosity — can  exist,  depend  primarily  on  the  physical  viscosity,  the  actual 
magnitudes  of  these  viscosities  are  independent,  or  are  only  connected  in  a 
secondary  manner.  This  is  shown  by  a  very  striking  but  little  noticed  fact. 
When  the  motion  of  the  fluid  is  such  that  the  resistance  is  as  the  square  of 
the  velocity,  the  magnitude  of  this  resistance  is  sensibly  quite  independent 
of  the  character  of  the  fluid  in  all  respects  except  that  of  density.  Thus, 
when  in  a  particular  pipe  the  velocity  of  oil  or  treacle  is  sufficient  for  the 
resistance  to  vary  as  the  square  of  the  velocity,  the  resistance  is  practically 
the  same  as  it  would  be  with  water  at  the  same  velocity,  while  the  physical 
viscosity  of  water  is  more  than  one  hundred  times  less. 

The  answer,  then,  to  the  question  as  to  the  constancy  of  fi  may  be  clearly 
given — /A  measures  a  physical  property  of  the  fluid  which  is  independent  of 
its  motion.  But  in  this  sense  fi  is  the  coefficient  of  instantaneous  resistance 
to  distortion  at  a  point  moving  with  the  fluid. 

This  restriction  is  equivalent  to  restricting  the  applications  of  the 
equations  of  motion  for  a  viscous  fluid  to  the  cases  in  which  there  are  no 
eddies  or  sinuosities. 


8S8 

This,  as  shown  by  the  authof;  is  the  case  id  paraltet  channels  m  long  as 
the  product  of  the  Telocity,  the  width  of  the  channel,  and  the  density  of  the 
fluid  divided  by  ^  is  less  than  a  certain  constant  vnltie.  In  a  routid  tube 
this  constant  is  1400,  or 

^<1400. 

At  a  temperature  of  50^  we  have,  with  a  £oot  as  nnift  of  kngth,  for  water— 

^»  0^)0001428, 
P 

D»<-02, 

so  that  if  D,  the  diameter  of  the  channel,  be  *001  inc^  «  womld  have  to 
be  at  least  240  feet  per  second  for  the  rodstance  to  vaiy  oUter  than  as 
the  velodty. 

As  r^^aids  the  slipping  at  the  boundaries,  Poisenille's  experiments,  as 
well  as  those  of  the  author,  foiled  to  show  a  txmoe  of  Hm,  altiiough  / 
reached  the  value  of  0*702  lb.  per  squai-e  inch,  so  that  withia  thlii  limit  it 
may  be  taken  as  proved  that  there  is  no  clipping  between  any  BoHd  surface 
and  wat«r.  With  other  fluids,  such  as  mercury  in  glum  tube8<  it  is  possible 
thai  the  case  may  be  different;  but,  as  regards  oils,  the  probability  seems 
to  be  that  the  limit  within  whidi  thero  is  no  slipping_wilJ_ba_much  h^er 
than  with  water. 


12.     Experimental  Determination  of  the  Value  of  yi,  for  Olive  Oil, 

Since  the  value  of  /x  for  water  is  known  for  all  moderate  temperatures, 
in  order  to  obtain  the  value  for  oil  it  is  only  necessary  to  ascertain  the 
relative  times  taken  by  the  same  volumes  of  oil  and  water  to  flow  through 
the  same  channel,  care  being  taken  to  make  the  channel  such  that  there  are 
no  eddies  and  that  the  energy  of  motion  is  small  compared  with  the  loss 
of  head. 

These  times  are  proportional  to 


where  p  is  the  fall  of  pressure;   therefore  the   times   multiplied   by  the 
respective  falls  of  pressure  are  proportional  to  the  viscosities. 

The  arrangement  of  apparatus  used  is  shown  in  Fig.  2. 

The  test  tube  (-4)  containing  the  fluid  to  be  tested  was  fixed  in  a  beaker 
of  water,  which  was  heated  from  below  and  maintained  at  any  required 
temperature. 
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A  syphon  (B),  made  of  glass  tube  ^  inoh  internal  diameter,  with  the 
extremity  of  its  short  limb  drawn  down  to  capillary  size  for  a  length  of 
about  6  inches,  this  six  inches  being  bent  up  and  down  so  as  only  to  occupy 


Fig.  2. 


some  2  inches  at  the  bottom  of  the  test  tube.  The  long  limb  of  the  syphon 
extended  to  about  2  feet  below  the  mean  level  of  the  fluid  in  the  test  tube. 
Two  marks  on  the  test  tube  at  different  levels  served  to  show  when  a 
definite  volume  had  been  withdrawn. 

The  S3q>hon  used  was  the  same  for  each  set  of  experiments  on  oil  and 
water,  so  that  the  pressure  urging  the  fluid  through  the  tube  was  propor- 
tioned to  the  density  of  the  fluids — that  is,  it  was  r915  as  great  for  oil 
as  water,  disregarding  the  effect  of  the  variation  of  temperature  on  volume, 
which  in  no  case  amounted  to  1  per  cent. 

Experiments  were  first  made  with  water  at  different  temperatures,  the 
times  taken  for  the  water  to  fall  from  the  first  mark  to  the  second  being 
carefully  noted.  The  syphon  was  then  dried  and  replaced  and  oil  substituted 
for  water. 

Two  sets  of  similar  apparatus  were  used  on  different  occasions, 
different  samples  of  oil  being  used.  In  the  first  set  the  experiments 
on  oil  were  made  at  temperatures  from  95°  to  200°  Fahr.;  in  the  second 
set,  fix)m  61°  to  120°  Fahr.     In  so  far  as  the  temperatures  overlapped,  the 
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viecositieB  for  the  two  oiln  agrt^erl  to  witliiri  4  per  cent.,  but  as  the  law 
of  variation  of  the  vi^^'o-^ity  &t*eniL'i!  to  change  mpidly  at  about  140°  Fahr,, 
only  the  second  set  have  been  reconletL     The»e  are  shown  in  Table  L 

^  Table  I. — Viscosity  of  Oil  compared  wmi  Water:  11  April,  ISSi  " 
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From  Poiseuille's  experiments  it  is  found  that»  mmrnxk^  raeomljr  in 
pounds  on  the  square  inch,  f<^  water  at  a  temperature  of  61^  lUur., 

/A  « 10-^x1-61. 

Adopting  this  value  of  fi  for  the  experiments  on  water  at  SV  Faik^  the 
other  experimental  values  of  fi  for  water  at  different  tempexaturee,  obtained 

as  being  in  the  ratios  of  the  times,  were  found  to  be  in  very  close  agreement 
with  those  calculated  from  Poiseuille's  law  for  the  respective  temperaturea 
This  tested  the  efficiency  of  the  apparatus.  It  has  not  been  thought  necessary 
to  record  any  experiment  on  water  except  at  the  temperature  of  61°  Fahr. 

The  experimental  value  of  fi  for  oil  are  in  the  ratios  of  the  times  multi- 
plied by  915,  the  specific  gravity  of  oil  ;  these  are  given  as  the  experimental 
values  of  /x  in  the  table.  Another  column  contains  the  values  of  fi  for  oil, 
calculated  from  an  empirical  formula  fitted  to  the  experimental  valuea 

This  formula  was  found  by  comparing  the  logarithms  of  the  experimental 
values  of  /a.  It  appeared  that  the  differences  in  these  logarithms  were 
nearly  proportional  to  the  differences  in  the  corresponding  temperatures, 
or  that  T  being  temperature  in  degrees  Fahr., 

log/ii-logM.  = '0096(^,-^0. 
in  degrees  Centigrade 

log/.,  -  log/t,  =  00535  (T,  -  T,); 

whence  since  -0096  =  0021  logio^, 

•00535  =  0123  logioe, 
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for  degrees  Fahrenheit  ^  =  ^t-obk r,  -  t.) 


for  degrees  Centigrade 


r 


.(2). 


This  ratio  holds  well  within  the  experimental  accuracy  from  temperatures 
ranging  from  61°  to  120°  Fahr.  This  is  shown  in  the  table,  and  again  in 
Fig.  3,  in  which  the  ordinates  are  proportional  to  logfi,  the  abscissae  being 
proportional  to  the  corresponding  temperatures. 
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Fig.  3. 


13.     The  Comparative  Values  of  fi  for  Different  Fluids  and 
Different  Systems  of  Units, 

The  values  of  /x  given  by  different  writers  for  air  and  water,  are  ex- 
pressed in  various  units  of  force  and  length,  so  that  it  is  a  matter  of  some 
trouble  to  compare  them.  To  facilitate  this  for  the  future  comparative 
values  are  here  given.  Those  for  water  have  been  deduced  from  Poiseuille's 
formula,  for  air  from  Maxwell's  formulse,  and  for  olive  oil  from  the  experi- 
ments recorded  in  the  previous  article. 

The  units  of  length,  mass,  and  time,  being  respectively  the  centimetre, 
gramme,  and  second,  in  which  case  the  unit  of  force  is  the  weight  of  one 
980'5th  (g)  part  of  a  gramme,  expressing  temperature  in  degrees  Centigrade 
by  T  and  putting 

p-i  =  l+00336793r+00002209936r« (3), 

O.  B.    11.  16 


for 
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wator  .    .    .    fL^OOmmiP 
air  .    . 
olive  oil 


.(4). 


fi  ^  0"0001879  (1  +  OW366r) 
fi  ^  .^-26536^  **^^* 

With  the  same  unit  of  li^ugth,  but  g  gramnuis  as  imit  of  mass  and 
1  gramme  aa  umt  of  force,  the  valuer  of  fSr  aru  for 

water*.    •    .    m-0^0000181P  ^ 

air  .    .    .    .    /i  =  0  00000019153  (I  +  003667) 
olive  oU  .    •    /i-0'0033303<j-^i'*-^^ 

The  units  of   length  and   mass  being   tho   iwA  atid   pfjuind  auti  tbi 
temperature  in  degrees  Fahr.  for 

^  =  00()1L9T1P  \ 

fi  =  000001 1788  (1  +  *0020274r)  \ 


1 


(5> 


water 
air  . 


t6). 


olive  oil 


/i  =  0  2104ae-''22i2' 


With  the  same  unit  of  length  the  uoit  of  mass  being  ^  (32*1 095)  lb, 
and  the  unit  of  force  1  lb.  for 


water  .    .    ,  ^  =  0  000037 166P 

air  ....  ^  =  0"00000036G45  (1  +  11020747)1-  ,..., (7). 

olive  oil    .     .  ^  =  0^00tJ82I3e''f^>^  j 

Taking  the  unit  of  length  1  inch  and  the  unit  of  force  1  lb.  for 

water  ,     .     ,  fi  =  0000000258105P 

air  ....  /^  =  00000000025447 (1  +  -00202747) \  (8). 

olive  oil   .     .  /x  =  000004737e-o22iy 


I 


Section  III. — General  View  of  the  Action  of  Lubrication. 

14.     Tlie  case  of  two  nearly  Parallel  Surfaces  separated  by  a  Viscous 

Fluid. 

Let  AB  and   CD  (Fig.  4)  be  perpendicular  sections   of    the   surfaces, 
CD  being  of  limited  but  of  great  extent  compared  with  the  distance  h 


*  For  olive  oil  the  values  of  fi  have  only  been  tested  between  the  limits  of  temperature  16°  and 
49'  C.  or  61°  and  120°  Fahr. 
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between  the  surfaces,  both  surfaces  being  of  unlimited  length  in  a  direction 
perpendicular  to  the  paper. 


Fig.  4. 

Case  1.  Parallel  Surfaces  in  Relative  Tangential  Motion. — In  Fig.  5 
the  surface  CD  is  supposed  fixed,  while  AB  moves  to  the  left  with  a  velo- 
city U, 

Then  by  the  definition  of  viscosity  (Art.  9)  there  will  be  a  tangential 
resistance 

and  the  tangential  motion  of  the  fluid  will  vary  uniformly  from  U  at  AB 
to  zero  at  CD.  Thus  if  FG  (Fig.  5)  be  taken  to  represent  U,  then  PN  will 
represent  the  velocity  in  the  fluid  at  P, 


Fig.  5. 

The  slope  of  the  line  EO  therefore  may  be  taken  to  represent  the 
force  F,  and  the  direction  of  the  tangential  force  on  either  surface  is  the 
same  as  if  EO  were  in  tension.  The-  sloping  lines  therefore  represent 
the  condition  of  motion  and  stress  throughout  the  film  (Fig.  5). 


Case  2.  Parallel  Surfaces  approaching  with  no  Tangential  Motion. — 
The  fluid  has  to  be  squeezed  out  between  the  surfaces,  and  since  there  is 
no  motion  at  the  surface,  the  horizontal  velocity  outward  will  be  greatest 
half-way  between  the  surfaces,  nothing  at  0  the  middle  of  CD,  and  greatest 
at  the  ends. 

If  in  a  certain  state  of  the  motion  (shown  by  dotted  line,  Fig.  6)  the 
space  between  AB  and  CD  be  divided  into  10  equal  parts  by  vertical  lines 
(Fig.  6,  dotted  figure),  and  these  lines  be  supposed  to  move  with  the  fluid, 
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they  will  shortly  after  assume  the  positioDs  of  th^  curved  lines  (Fig.  6),  in  ■ 
which  the  areas  iucluded  between  each  pair  of  curved  lines  is  the  iame  a* 


the  areas 

lUCIU 

de< 

1  b 

/ 

etweeij  cuch  pair  oi 

\   CU 

rve« 

1  line 
1  . 

9  18  il 

le  a 

c 

J 

o_   _  .. 

*? 

P'VI'^PI^ 

■^\m 

S 

^^: 

awmm 

Fig.  6. 

■ii 

IH 

■irt 

^s> 

in  the  f lotted  figure.  In  this  case,  as  in  Case  1,  the  diatance  QP  will 
represent  the  motion  at  any  point  P,  and  the  slo[3e  of  the  lioes  will  represent 
the  tangential  forces  in  the  fluid  as  if  the  lines  were  stretched  elastic  strings. 
It  is  at  once  seen  from  this  that  the  fluid  will  be  pulled  towards  the  middle 
of  CD  by  the  viscosity  as  though  by  the  stretched  elastic  lines,  and  heuc« 
that  the  pressure;  will  be  gi*eatest  at  0  and  fall  off  towards  the  ends 
C  and  D,  and  would  be  approximately  represented  by  the  curve  at  the 
top  of  the  figure. 

Case  3,    Parallel  Surfaces  approaching  with  Tangential  Moti&H. — The 

lines  representing  the  motions  in  Cnso^  1  and  2  may  be  superimposed  by 
adding  the  distances  PQ  in  Fig.  6  to  the  distances  PN  in  Fig.  5. 

The  result  will  be  as  shown  in  Fig.  7,  in  which  the  lines  represent  in 
the  same  way  as  before  the  motions  and  stresses  in  the  fluid  where  the 
surfaces  are  approaching  with  tangential  motion. 


I 


^m/MmmmMm^^mk 


Fig.  7. 


In  this  case  the  distribution  of  pressure  over  CD  is  nearly  the  same 
as  in  Case  2,  and  the  mean  tangential  force  will  be  the  same  as  in  Case  1. 
The  distribution  of  the  friction  over  CD  will,  however,  be  diflFerent.  This 
is  shown  by  the  inclination  of  the  curves  at  the  points  where  they  meet 
the  surface.     Thus  on  CD  the  slope  is  greater  on  the  left  and  less  on  the 
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ght,  which  shows  that  the  friction  will  be  greater  on  the  left  and  less  on 
be  right  than  in  Case  1.  On  AB  the  slope  is  greater  on  the  right  and 
5SS  on  the  left,  as  is  also  the  friction. 

Case  4.     Surfaces  inclined  with  Tangential  Movement  only. — AB  is  in 
lotion  as  in  Case  1,  and  CD  is  inclined  as  in  Fig.  8. 


Fig.  8. 

The  effect  in  this  case  will  be  neariy  the  same  as  in  the  compound 
movement  (Case  3). 

For  if  corresponding  to  the  uniform  movement  U  of  AB,  the  velocity 
f  the  fluid  varied  uniformly  from  the  surface  AB  to  CD,  then  the  quantity 
arried  across  any  section  PQ  would  be 

nd  consequently  would  be  proportional  to  PQ]  but  the  quantities  carried 
cross  all  sections  must  be  the  same,  as  the  surfaces  do  not  change  their 
elative  distances;  therefore  there  must  be  a  general  outflow  from  any 
ertical  sections  PQ,  P'Qf  given  by 

^iPQ-S'Q'). 

I'his  outflow  will  take  place  to  the  right  and  left  of  the  section  of  greatest 
pressure.     Let  this  be  PiQu  then  the  flow  past  any  other  section  PQ  is 

o  the  right  or  left  according  as  PQ  is  to  the  right  or  left  of  PiQi.  Hence 
it  this  section  the  motion  will  be  one  of  uniform  variation,  and  to  the 
ight  and  left  the  lines  showing  the  motion  and  friction  will  be  nearly 
s  in  Fig.  7.     This  is  shown  in  Fig.  9. 

This  is  the  explanation  of  continuous  lubrication. 

The  pressure  of  the  intervening  film  of  fluid  would  cause  a  force  tending 
K>  separate  the  surfaces. 


M6 


OH  THi  THEORY   OP  LUBRICATION 


The  mean  line  or  resultant  of  thb  forctj  would  net  through  sr^me  point  0, 
Thlh  point  0  does  not  necessarily  coincide  with  P^  the  point  of  maxitnym 


For  equilibrium  of  the  surface  AB,  0  will  be  in  the  line  of  the  resultant 
extemal  force  urging  the  surfaces  together,  otherwise  the  surface  ACD  would 
change  its  inclination. 

The  resultant  pressui-e  mui^t  also  be  equal  to  ih".^  resultant  external  force 
perpendiculnr  to  AiB  (neglecting  the  oblitjuity  of  CD%  Jf  the  surfiwe^  wen^ 
free  to  approtich  the  pressnre  would  adjust  itself  to  the  load,  for  the  nearer 
the  Burftices  the  greater  would  be  the  friction  and  consequent  pressure  for 
the  same  %^e!ocity»  so  that  the  surfaces  would  approach  until  the  preasurftj 
balanced  the  load. 

As  the  distance  between  the  surfaces  diminished  0  would  change  its 
position,  and  therefore,  to  prevent  an  alteration  of  inclination,  the  sur&ce 
CD  must  be  constrained  so  that  it  could  not  turn  round. 

It  is  to  be  noticed  that  continuous  lubrication  between  plane  sur&ces 
can  only  take  place  with  continuous  motion  in  one  direction,  which  is  the 
direction  of  continuous  inclination  of  the  surfaces. 

With  reciprocating  motion,  in  order  that  there  may  be  continuous  lubri- 
cation, the  surfaces  must  be  other  than  plane. 


15.     Revolving  Cylindrical  Surface. 

When  the  moving  surface  AB  is  cylindrical  and  revolving  about  its  axis, 
the  general  motion  of  the  film  will  differ  somewhat  from  what  it  is  with 
flat  surfaces. 

Case  5.  Revolving  Motion,  CD  flat  and  symmetrically  pla^ced. — The 
surface  velocity  of  AB  may  be  expressed  by  17  as  before.  The  curves  of 
motion  found  by  the  same  method  as  in  the  previous  cases  are  shown  in 
Fig.  10. 
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The  curves  to  the  right  of  GH,  the  shortest  distance  between  the  surfaces, 
will  have  the  same  character  as  those  in  Fig.  9  to  the  right  of  (7,  at  which  is 
also  the  shortest  distance  between  the  surfaces. 


Fig.  10. 


On  the  left  of  GZTthe  curves  will  be  exactly  similar  to  those  on  the  right, 
only  drawn  the  other  way  about,  so  that  they  are  concave  towards  a  section 
at  Pj  in  a  similar  position  on  the  left  to  that  occupied  by  P^  on  the  right. 

This  is  because  a  uniformly  varying  motion  would  carry  a  quantity  of 
fluid  proportional  to  the  thickness  of  the  stratum  from  right  to  left,  and 
thus  while  it  would  carry  more  fluid  through  the  sections  towards  the  right 
than  it  would  carry  across  OH,  necessitating  an  outward  flow  from  the 
position  Pi  in  both  directions,  the  same  motion  would  carry  more  fluid  away 
from  sections  towards  C  than  it  would  supply  past  GH,  thus  necessitating 
an  inward  flow  towards  the  position  Pa. 

Since  G  is  in  the  middle  of  CD  these  two  actions,  though  opposite,  will 
be  otherwise  symmetrical,  and 

P.G^GP,. 

From  the  convexity  of  the  curves  to  the  section  at  Pj  it  appears  that  this 
section  would  be  one  of  minimum  pressure,  just  as  Pi  is  of  maximum.  Of 
course  this  is  supposing  the  lubricant  under  sufficient  pressure  at  C  and  D 
to  allow  of  the  pressure  falling.  The  curve  of  pressure  would  be  similar  to 
that  at  the  top  of  Fig.  10,  in  which  C  and  D  are  points  of  equal  pressure, 
P1HP2  the  singular  points  in  the  curve. 

Under  such  conditions  the  fluid  pressure  acts  to  separate  the  surfaces  on 
the  right,  but  as  the  pressure  is  negative  on  the  left  the  surfaces  will  be 
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be   till   pRjdtice    a    tiiming 


cfaaim  together    So  that   the  total  effect  will 
moment  on  the  mirface  AB. 


Cam  6.  The  mtm  as  C<is€  5,  ^scepi  (hid  G  is  not  in  the  jriiddte  0/  CD.^ 
In  this  ca^e  the  curves  of  motion  will  be  symmetrical  on  each  side  of  H  at 
equal  distaoces,  as  shown  in  Fig.  11. 


Fig.  11. 


If  C  lies  between  H  and  P^  the  pressure  will  be  altogether  positive,  as 
shown  by  the  curve  above  Fig.  11 — that  is,  will  tend  to  separate  the  surfeces. 

16.     The  Effect  of  a  Limiting  Supply  of  Lubricating  Material. 

In  the  cases  already  considered  C  and  D  have  been  the  actual  limits  of 
the  upper  surface.  If  the  supply  of  lubricant  is  limited  C  and  D  may  be 
the  extreme  points  to  which  the  separating  film  reaches  on  the  upper  sur&ce, 
which  may  be  unlimited,  as  in  Fig.  12. 

Case  7.  Supply  of  Lubricant  Limited. — If  the  surface  ^JB  be  supposed 
to  have  been  covered  with  a  film  of  oil,  the  oil  adhering  to  the  surfiw^e  and 
moving  with  it,  then  the  surface  CD  to  have  been  brought  up  to  a  less 
distance  than  that  occupied  by  the  film  of  oil,  the  oil  will  accumulate  as 
it  is  brought  up  by  the  motion  of  AB,  forming  a  pad  between  the  surfaces, 
particularly  on  the  side  D. 

The  thickness  of  the  film  as  it  leaves  the  side  C  being  reduced  until  the 
whole  surface  AB  is  covered  with  a  film  of  such  thinness  that  as  much  leaves 
at  (7  as  is  brought  up  to  i>,  then  the  condition  will  be  steady. 
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Putting  b  for  the  thickness  of  the  film  of  oil  outside  the  pad,  the  quantity 
of  oil  brought  up  to  D  by  the  motion  of  this  film  will  be  per  second 

bU, 


and  the  quantity  which 
varies  uniformly,  will  be 


Fig.  12. 
the  section  PiQi,  across  which  the  velocity 

PxQ.u 


Therefore  since  there  is  no  further  accumulation 

also,  since  (?P,  =  GP,  (Fig.  10,  Case  5) 

P,Q,  =  26. 

And  since  the  quantity  which  passes  PaQa  will  not  be  sufficient  to  occupy 
the  larger  sections  on  the  left,  the  fluid  will  not  touch  the  upper  surface  to 
the  left  of  Pa.  The  limit  will  therefore  be  at  Pj,  the  fluid  passing  away  with 
AB  in  a,  film  of  thickness  b. 

This  is  the  ordinary  case  of  partial  lubrication :  AB,  the  surface  of  the 
journal,  is  covered  with  a  film  of  oil ;  CD,  the  surface  of  the  brass  or  bearing, 
is  separated  from  ABhy  a.  pad  of  oil  near  H,  the  point  of  nearest  approach. 

This  pad  is  under  pressure,  which  is  a  maximum  at  Pi,  and  slopes  away 
to  nothing  at  D  and  P,,  the  extremities  of  the  pad,  as  is  shown  by  the  curve 
above.  Fig.  12. 


2S0  ON  TtTE  THixmr  or  irmRTCATioir 

17,     TIw  Relation  bHween  Rmt^mw^,  Load,  and  Speed  for  Limiiei 

Lubjicatiott, 
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In  Case  7  a  definite  quantity  of  oil  must  bo  in  the  film  round  the  journal, 
or  in  the  pad  between  the  snrfaeejg.  As  the  siirfaecs  approach,  the  pcvd  will 
increase  and  the  film  diminish*  and  vice  versd.  The  resigtAnce  increases  with 
the  length  of  the  pad,  and  with  the  diminution  of  the  distance  betwtMiia 
the  surfaces,  I'he  mean  intensity  of  preanure  increases  with  the  length  of 
the  pad,  and  inversely  with  the  thickness  of  the  film,  but  not  in  either  case 
in  the  simple  ratio.  The  total  pressure,  which  is  equal  t€  the  load»  inereasiei 
with  the  intensity  of  pressure  and  the  length  of  the  pad. 

The  definite  expressions  of  these  rektif)ns  depend  on  certain  integrations^ 
which  have  not  yet  been  effected.  From  the  general  rektions  pointed  out, 
it  follows  that  an  inereage  of  load  will  diminish  HG  and  P^Qj,  and  eon- 
sequently  the  thickness  of  the  fihn  nmnii  the  journal,  and  will  increa^ie  the 
length  of  the  pad.     It  will  therefore  increase  the  friction. 

Thus  with  a  limited  supply  of  oil  the  friction  will  increase  with  the  loud 

in  some  ratio  not  precisely  determined. 

Further,  both  the  friction  and  the  pressure  increase  in  the  direct  ratio  of 
the  speed,  provided  the  distance  between  the  surfaces  and  the  length  of  the 
pad  remains  constant;  then,  if  the  load  remains  constant,  the  thickne^  of 
the  film  must  increase,  and  the  length  of  the  pad  diminish  with  the  speed; 
and  both  these  effects  will  diminish  friction  in  exactly  the  same  ratio  as  the 
reduction  of  load  diminishes  friction. 

Thus  if  with  a  speed  U  a  load  W  and  friction  F  a  certain  thickness  of  oil 
is  maintained,  the  same  will  be  maintained  with  a  speed  MU,  a  load  MW, 
and  the  friction  will  be  MF, 

How  far  this  increase  of  friction  is  to  be  attributed  to  the  increased 
velocity,  and  how  far  to  the  increased  load,  is  not  yet  shown  in  the  theory 
for  this  case ;  but,  as  has  been  pointed  out,  if  the  load  be  altered  from  M  W 
to  W,  the  velocity  remaining  the  same,  the  friction  will  be  altered  from  MF 
in  the  direction  of  F,  Therefore,  with  the  load  constant,  it  does  appear 
from  the  theory  that  the  friction  will  not  increase  as  the  first  power  of  the 
velocity. 

There  is  nothing  therefore  in  this  theory  contrary  to  the  experience  that, 
with  very  limited  lubrication,  the  friction  is  proportional  to  the  load  and 
independent  of  the  velocity,  while  the  theoretical  conclusion  that  the  friction, 
with  any  particular  load  and  speed,  will  depend  on  the  supply  of  oil  in  the 
pad,  is  in  strict  accordance  with  Mr  Tower's  conclusion,  and  with  the  general 
disagreement  of  the  coefficients  of  friction  in  different  experiments. 


I 


k 


52] 


AND  ITS  APPLICATION  TO   MR  B.   TOWER  S   EXPERIMENTS. 


251 


17  A.     Ths  Conditions  of  Equilibrium  with  Cylindrical  Surfaces, 

So  far  CB  has  been  considered  as  a  flat  surface,  in  which  case  the  equili- 
brium of  CB  requires  that  it  should  be  so  far  constrained  by  external  forces 
that  it  cannot  either  change  its  direction  or  move  horizontally. 

When  AB  is  a  portion  of  a  cylindrical  surface,  having  its  axis  parallel  to 
that  of  AB,  the  only  condition  of  constraint  necessary  for  equilibrium  is  that 
CB  shall  not  turn  about  its  axis.  This  will  appear  on  consideration  of  the 
following  cases : — 

Case  8.  Surfaces  Cylindrical  and  the  Supply  of  Oil  Limited. — Fig.  13 
shows  the  surfaces  AB  and  CD. 


«^M 


Fig.  13. 

J  is  the  axis  of  the  journal  A  B. 

I  is  the  axis  of  the  brass  CD. 

JL  is  the  line  in  which  the  load  acts. 

0  is  the  point  in  which  JL  meets  AB, 

R  =  JP, 

R  +  a  =  IQ, 

h  =  PQ, 

K  =  HO, 

The  condition  for  the  equilibrium  of  I  the  centre  of  the  brass  is  that  the 
resultant  of  the  oil  pressure  on  DC  together  with  friction  shall  be  in  the 
direction  OL,  and  the  magnitude  of  this  resultant  shall  be  equal  to  the  load. 
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Aft  regapls  the  magnitude  of  thi^  reptilian i,  it  increa'^es  as  ff (?  dimiDisbefl 
to  a  certain  [imitp  ?>,,  as  the  surfaceji  approach,  m}  that  in  this  respect  equili* 
briiun  is  obviously  st^cnred,  and  it  m  only  the  dimctioD  of  the  resultant 
pressure  and  friction  that  nL-ed  be  cotisiderefl 

Since  the  fluid  film  ia  in  equilibrium  under  the  forces  exerted  by  the  two 
opposite  jsurfaceSi  theae  forces  must  be  equal  aod  opposite,  bo  that  it  i&  only 
neceaaary  to  consider  the  forces  exerted  hy  AB  on  the  fluid. 

From  what  has  been  already  seen  in  Cases  6  and  7  it  appears  that  the 
resultant  line  of  pressure  JM  always  lies  oq  the  right  or  on  Hide  of  GH.    The 
resultant  friction  clearly  acts  to  the  left,  so  that  if  JM  be  taken  to  represent 
the  resultant  pressure  and  MN  the  resultant  friction,  iV  Is  to  the  left  of  Jf  - 
and  JN  the  resultant  of  pressure  and  friction  is  to  the  left  of  JM^  | 

Taking  LJ  to  represent  the  load,  then  LK  will  represent  the  resultant 
moving  force  on  CD  that  is  on  /.  Since  H  will  move  in  the  opposite 
direction  to  I,  and  since  the  direction  of  the  r^ultant  pressure  moves  in  the 
same  direction  a«  B,  the  effect  of  a  moving  fome  LN  on  /  will  be  to  move  N 
towards  L  until  they  coincide.  Thus,  as  long  as  JM  is  within  the  arc 
covered  by  the  brass,  a  position  of  equilibrium  is  possible  and  the  equiiibrium 
will  be  stabla 

So  far  the  condition  of  et^uilibrium  shows  that  H  will  be  on  the  left  or 
off  side  of  the  line  of  load,  and  this  holds  whether  the  supply  of  oil  is 
abundant  or  limited;  but  while  with  a  very  limited  supply  of  oil,  t.e„  a  very 
short  oil  pad,  H  must  always  be  in  the  immediate  neighbourhood  of  0,  this 
is  by  no  means  the  case  as  the  length  of  the  oil  pad  increases. 

Case  9.  CylindHcal  Surfaces  in  Oil  Bath. — If  the  supply  of  oil  is 
sufficient,  the  oil  film  or  pad  between  the  surfaces  will  extend  continuously 
from  the  extremities  of  the  brass,  unless  such  extension  would  cause  negative 
pressure  which  might  lead  to  discontinuity.  In  this  case  the  conditions 
of  equilibrium  determine  the  position  of  H, 

The  conditions  of  equilibrium  are  as  before — 

1.  That  the  horizontal  component  of  the  oil  pressure  on  the  brass  shall 
balance  the  horizontal  component  of  the  friction ; 

2.  That  the  vertical  components  of  the  pressure  and  friction  shall  balance 
the  load. 

Taking  the  surface  of  the  brass,  as  is  usual,  to  embrace  nearly  half  the 
circumference  of  the  journal  and,  to  commence  with,  supposing  the  brass  to 
be  unloaded,  the  movement  of  H  may  be  traced  as  the  load  increases. 

When  there  is  no  load,  the  conditions  of  equilibrium  are  satisfied  if  the 


52] 


AND  ITS  APPLICATION  TO  MR  B.   TOWER*S   EXPERIMENTS. 


253 


position  of  ^  is  such,  that  the  vertical  components  of  pressure  and  friction 
are  each  zero,  and  the  horizontal  components  are  equal  and  opposite. 

This  will  be  when  fT  is  at  0  (Fig.  13);  for  then,  as  has  been  shown,  Case  5, 
the  pressure  on  the  left  of  H  will  be  negative,  and  will  be  exactly  equal  to 
the  pressure  at  corresponding  points  on  the  right,  so  that  the  vertical  com- 
ponents left  and  right  balance  each  other.  On  the  other  hand  the  horizontal 
component  of  the  pressure  to  the  left  and  right  will  both  act  on  the  brass  to 
the  right,  and  as  these  will  increase  as  the  surfaces  approach,  the  distance  J I 
must  be  exactly  such  that  these  components  balance  the  resultant  friction, 
which  by  symmetry  will  be  horizontal  and  acting  to  the  left. 

It  thus  appears  that  when  the  brass  is  unloaded  its  point  of  nearest 
approach  will  be  its  middle  point.  This  position,  together  with  the  curves  of 
pressure,  are  shown  in  Fig.  14. 


Fig.  14. 


As  the  load  increases,  the  positive  vertical  component  on  the  right  of  OH 
must  overbalance  the  negative  component  on  the  left.  This  requires  that  H 
should  be  to  the  left  of  0. 

It  is  also  necessary  that  the  horizontal  components  of  pressure  and 
friction  should  balance. 
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Thi^ta  twci  caiicJilitmH  dcWrinine  tlw  {Hisitioti  of  H  and  the  viilue  afj/. 

As  the  load  increases  it  appear?^  from  the  exuct  equations  (to  be  diiieusi^l 
m  a  subsetjueut  articlt?)  that  Oil  re^iche^  a  tnaxituum  vahie,  which  pl&cej^  B 
nearly,  but  not  quite,  at  the  left  extrt'mity  of  the  bram,  but  loaves  Jl  stffl 
small  as  compared  with  GH. 

For  a  further  increase  of  the  load  H  moves  back  again  towards  0. 

In  this  oooditioD  the  Itmd  has  become  so  great  that  the  frictioD,  whieh 
remains  nearly  constant,  is  m  srnali  by  comparison  that  it  may  be  neglecteii, 
and  the  condition  of  equilibrium  is  that  the  horiKontiU  coniponetit  of  the* 
pressure  is  zero,  and  the  vertical  component  equal  to  the  load* 

H  continues  to  recede  as  the  load  increases.  But  when  HC  hemmf^ 
greater  than  HP^,  the  j^ressare  between  Pj  and  C  would  beconje  uegative  if 
the  condition  did  not  break  down  by  discoutinuity  in  the  oil,  which  is  §ure  to 
occur  when  the  preasure  falls  below  that  of  zero,  and  then  the  condilion 
becomes  the  same  as  that  with  a  limited  supply  of  oil. 

This  is  important,  as  it  shows  that  with  extreme  load^i  the  oil  bath  comes 
to  be  practically  the  simie  ati  that  uf  a  limited  supply  of  oil,  and  hence  that 
the  extreme  load  which  the  brass  would  carry  would  be  the  same  in  both 
cases — as  Mr  Tower  has  shown  it  to  be.  I^l 

In  ail  Mr  Tower's  experiments  with  the  oil  bath  it  appears  that  the 
conditions  were  such  that  as  the  load  iiicr^'ased  ff  was  in  retreat  from  G 
towards  0,  and  that,  except  in  the  extreme  cases,  P,  had  not  come  up  to  C. 

Figs.  2,  3,  4,  show  the  exact  curves  of  pressure  as  calculated  by  the 
exact  method  to  be  given,  for  circumstances  corresponding  very  closely  with 
one  of  Mr  Tower's  experiments,  in  which  he  actually  measured  the  pressure 
of  oil  at  three  points  in  the  film.  These  measured  pressures  are  shown  by 
the  crosses. 

The  result  of  the  calculations  for  this  experiment  is  to  show,  what  could 
not  indeed  be  measured,  that  in  Mr  Tower's  experiment  the  difference  in  the 
radii  of  the  brass  and  journal  at  70°,  and  a  load  of  100  lbs.  per  square  inch 
was : 

a  =  00077 

Gif=  000375 

(The  angle)  OJH  =  48°. 

18.     The  Wear  and  Heating  of  Bearings. 

Before  the  journal  starts  the  effect  of  the  load  will  have  brought  the  brass 
into  contact  with  the  journal  at   0.     At  starting  the  surfaces  will  be  in 
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contact,  and  the  initial  friction  will  be  between  solid  surfaces,  causing  some 
abrasion. 

After  motion  commences  the  surfaces  gradually  separate  as  the  velocity 
increases,  more  particularly  in  the  case  of  the  oil  bath,  in  which  case  at 
starting  the  friction  will  be  much  the  same  as  with  a  limited  supply  of  oil. 

As  the  speed  increases  according  to  the  load,  GH  approaches,  according 
to  the  supply  of  oil,  to  a,  and  varies  but  slightly  with  any  further  increase  of 
speed ;  so  that  the  resistance  becomes  more  nearly  proportional  to  the  speed 
and  less  aflfected  by  the  load. 

When  the  condition  of  steady  lubrication  has  been  attained,  if  the 
surfaces  are  completely  separated  by  oil,  there  should  be  no  wear.  But 
if  there  is  wear,  as  it  appeai-s  from  one  cause  or  another  there  generally  is,  it 
would  take  place  most  rapidly  where  the  surfaces  are  nearest :  that  is,  at  GH 
on  the  off  side  of  0. 

Thus  while  the  motion  is  in  one  direction  the  tendency  to  wear  the 
surfaces  to  a  fit  would  be  confined  to  the  offside  of  0. 

This  appears  to  offer  a  very  simple  and  well-founded  explanation  of  the 
important  and  common  circumstance  that  new  surfaces  do  not  behave  so 
well  as  old  ones ;  and  of  the  circumstance,  observed  by  Mr  Tower,  that  in 
the  case  of  the  oil  bath,  running  the  journal  in  one  direction  does  not  prepare 
the  brass  for  carrying  a  load  when  the  journal  is  run  in  the  opposite  direction. 
This  explanation,  however,  depends  on  the  effect  of  misfit  in  the  journal  and 
brass  which  has  yet  to  be  considered. 

Case  10.  Approximately  cylindrical  mrfaces  of  limited  length  in  the 
direction  of  the  axis  of  rotation.  Nothing  has  so  far  been  said  of  any 
possible  motion  of  the  fluid  perpendicular  to  the  direction  of  motion  and 
parallel  to  the  axis  of  the  journal.  It  having  been  assumed  that  the  surfaces 
were  truly  cylindrical  and  of  unlimited  length  in  direction  of  their  axes,  and 
in  such  case  there  would  be  no  such  flow. 

But  in  practice  brasses  are  necessarily  of  limited  length,  so  that  the  oil 
can  escape  from  the  ends  of  the  brass.  Such  escape  will  obviously  prevent 
the  pressure  of  the  film  of  oil  from  reaching  its  full  height  for  some  distance 
from  the  ends  of  the  brass  and  cause  it  to  fall  to  nothing  at  the  extreme 
ends. 

This  was  shown  by  Mr  Tower,  who  measured  the  pressure  at  several 
points  along  the  brass  in  the  line  through  0,  and  found  it  to  follow  a  curve 
similar  to  that,  shown  in  Fig.  15,  which  corresponds  to  what  might  be 
expected  from  escape  at  the  free  ends. 


256 


ON   THE  THEORY   OF  LUBRICATION 


[52 


If  the  surfaces  are  not  strictly  parallel  in  the  directions  TU  and  FIT, 
the  pressure  would  be  greatest  in  the  narrowest  parts,  causing  axial  flow 
from  those  into  the  broader  spaces.     Hence,  if  the  surfaces  were  considerably 


^f^!^}!;^^^ 


Journal 


Fig.  16. 

irregular,  the  lubricant  would,  by  escaping  into  broader  spaces,  allow  the 
brass  to  approach  and  eventually  to  touch  the  journal  at  the  narrowest 
spaces,  and  this  would  bo  particularly  the  case  near  the  ends. 

As  a  matter  of  fact,  the  general  fit  of  two  new  surfaces  can  only  be 
approximate;  and  how  near  the  approximation  is,  is  a  matter  of  the  time 
and  skill  spent  on  preparing,  or,  as  it  is  called,  bedding  them.  Such  bedding 
as  brasses  are  subject  to  would  not  bring  them  to  a  condition  in  which  the 
hills  and  hollows  differed  by  less  than  a  y^^^th  part  of  an  inch,  so  that  two 
such  surfaces  touching  each  other  on  the  hills  would  have  spaces  as  great  as 
a  ^^\j^jth  of  an  inch  between  them.  This  seems  a  small  matter,  but  not 
when  compared  with  the  moan  width  of  the  interval  between  the  brass  and 
the  journal  which,  as  will  be  subsequently  shown,  was  less  than  j^jVuth  of 
an  inch. 

It  may  be  assumed,  therefore,  that  such  inequalities  generally  exist  in 
the  surfaces  of  new  brasses  and  journals.  And  as  the  surfaces  according 
to  their  material  and  manner  of  support  yield  to  pressure  the  brass  will 
close  on  the  journal  at  its  ends,  where,  owing  to  the  escape  of  oil,  there  is 
no  pressure  to  keep  them  separate. 
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The  section  of  a  new  brass  and  journal  taken  at  OH  will  therefore  be, 
F  sufficiently  magnified,  as  shown  in   Fig.  16,  the  thickness  of  the  film, 


Journal 
Longitudimd  Section 

Fig.  16. 

astead  of  being,  say,  of  -n^Jiyiyths  of  an  inch,  varies  from  0  to  y^r^^  ths,  and 
i  less  at  the  ends  than  at  the  middle. 

In  this  condition  the  wear  will  be  at  the  points  of  contact,  which  will  be 
a  the  neighbourhood  of  GH  on  the  ofi^  side  of  0  (Fig.  13),  so  that,  if  the 
3urnal  runs  in  one  direction  only,  the  surfaces  in  the  neighbourhood  of  GH 
3n  the  off  side)  will  be  gradually  worn  to  a  fit,  during  which  wear  the 
:iction  will  be  great  and  attended  with  heating,  more  or  less,  according  to 
he  rate  of  wear  and  the  obstruction  to  the  escape  of  heat. 

So  long,  however,  as  the  journal  runs  in  one  direction  only  GH  will  be 
n  one  side  (the  off  side)  of  0,  and  the  wear  will  be  altogether  or  mainly  on 
bis  side,  according  to  the  distance  of  H  from  0. 

In  the  meantime  the  brass  on  the  on  side  is  not  similarly  worn,  so  that 
•  the  motion  of  the  journal  is  reversed,  and  the  point  H  transferred  to  the 
ite  on  side,  the  wear  will  have  to  be  gone  through  again. 

That  this  is  the  true  explanation  is  confirmed  if,  as  seems  from  Mr  Tower's 
eport,  the  heating  eflfect  on  first  reversing  the  journal  was  much  more 
vident  in  the  case  of  the  oil  bath. 

For  when  the  supply  of  oil  is  short,  HG  will  be  very  small,  and  //  will 
e  close  to  0.  So  that  the  wearing  area  will  probably  extend  to  both  sides 
f  0,  and  thus  the  brass  be  partially,  if  not  altogether,  prepared  for  running 
1  the  opposite  direction. 

When  the  supply  of  oil  is  complete,  however,  as  has  been  shown,  H  is 
0*"  or  60*^  from  0,  unless  the  load  is  in  excess,  so  that  the  wear  in  the 
eighbourhood  of  H  on  the  one  side  of  0  would  not  extend  to  a  point  100" 
r  120°  over  to  the  other  side. 

Even  in  the  case  of  a  perfectly  smooth  brass,  the  running  of  the  journal 
nder  a  sufficient  load  in  one  direction  should,  supposing  some  wear,  ac- 
ording  to  the  theory  render  the  brass  less  well  able  to  carry  the  load  when 
anning  in  the  opposite  direction.  For,  as  has  already  appeared,  the  pressure 
etween  the  journal  and  brass  depends  on  the  radius  of  curvature  of  the 
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brass  on  fcbe  m  side  bititig  greater  than  that  of  the  jounial     If  then  the 

f^ffect  of  wear  h  to  duniniHh  tht^  mdius  of  the  bras^s  on  the  ojf  aide,  so  tha* 
when  the  raotion  is  rcvcrsi*tl  the  niciius  of  the  new  an  side  is  equal  to  or  leas 
than  that  of  the  jotinml,  while  the  radian  of  the  new  offmle  is  grttit^,  the 
oil  preasuro  would  not  risi5.  And  this  h  the  effect  of  weiir;  for  s^  vdW 
be  definitoly  shown,  th(>  effect  of  thc^  oil  preaHure  in  to  incri^iise  the  rarlius  d 
ciLTVitturci  of  tlu!  bm««,  and  ^  the  ccntn»  of  wear  in  well  on  the  o/side,  the 
effect  of  sufficient  mmr  will  b©  to  bring  the  nidiiis  on  this  side,  while  tbe 
pressure  itt  m\,  more  neiirly  to  that  of  the  jonnml,  m  that  on  the  press^ire 
being  renioverl,  the  brass  on  this  sidif  may  resuine  a  radius  even  less  than 
that  of  the  jnrniiah 


SEcntoN  IV.— The  EguATicms  op  Hydrodynamics  as  applied  to 

LUUIUCATION. 

UK     Accnnlin^'  to  the  usual  minhod  of  expressing  the  streas  in  a  vimim 

fluid  (which  is  the  mUM'  as  in  bu  uUistic  solid)* : 


„     fdu     dv     dw\     rt    dv  . 
du  .dv     dw\     ^    dw 


/dv       du\ 


in 


Pyz=Pty  =  f^[^ 


dw     dv ' 


du 


+ 


dz) 
dw 


y 


fdu      dw\ 
P--P^'-^[dz'-~d.)} 


(10). 


In  which  the  left-hand  members  are  the  stresses  on  planes  perpendicular  to 
the  first  suffix  in  directions  parallel  to  the  second,  the  first  three  being  the 
normal  stresses,  the  last  six  the  tangential  stresses. 

*  Stokes,  ''  On  the  Theories  of  the  Internal  Friction  of  Fluids  in  Motion,  and  of  the  Eqai- 
librium  and  Motion  of  Elastic  Solids."— rm;/«.  Cambridge  Phil.  Soc,  vol.  viii.,  p.  287.  Also 
reprint,  vol.  i.,  p.  84.    Also  Lamb's  Motion  of  Fluids,  p.  219. 
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The  values  of  these  substitated  in  the  equations  of  motion 


Su        ^     dpxx  ^  dpya-     dp„ 


^  St      ^  dx        dy        dz 


.(11) 


dt 


dx 


dz 


hp  _     fdu     dv      dw\ 
St      ^  \dw     dy     dz  J 


dy 
give  the  complete  equations  of  motion  for  the  interior  of  a  viscous  fluid. 

These  equations  involve  terms  severally  depending  on  the  inertia  and  the 
weight  of  the  fluid,  also  the  variation  of  stress  in  the  fluid. 

In  the  case  of  lubrication  the  spaces  between  the  solid  surfaces  are  so 
small  compared  with 

U 

that  the  motion  of  the  fluid  is  shown  to  be  free  from  eddies  as  already 
explained  (Art.  11).  Also  that  the  forces  arising  from  weight  and  inertia 
are  altogether  small  compared  with  the  stresses  arising  from  viscosity. 

The  equations  which  result  from  the  substitution  from  (9)  and  (10)  in 
the  firet  8  of  (11)  may  therefore  be  simplified  by  the  omission  of  the  inertia 
and  gravitation  terms,  which  are  the  terms  involving  p  as  a  factor. 

In  the  case  of  oil  the  remaining  terms  may  still  further  be  simplified  by 
omitting  the  terms  depending  on  the  compressibility  of  the  fluid. 

Also  if,  as  is  the  case,  fi  is  nearly  constant,  the  terms  involving  dfi  may 
be  omitted,  or  considered  of  secondary  importance. 

From  equations  (11)  we  then  have 

dp__     fdhi      dy      dht\\ 
dx^^Kdx^'^  df'"^  dz-'l 

dp_     (dy_      drv      (^v\ 
dy~'^\d:rf''^dy''^dz^) 

dp  _      'dhu     dhv     d}w\ 
d'z''^\dx^^  df'^dz'') 


0 


du     dv      dw 
dx     dy      dz 


.(12). 


Again,  since  in  the  case  of  lubrication  we  always  have  to  do  with  a  film 
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of  fluid  between  ncftrly  parallel  surfaeeH,  of  which  the  mdii  of  curvature  ms 
large  compared  with  the  thickne^n  of  the  film,  we  may,  without-  ermr, 
diHragard  any  curvature  tlieie  iimy  bo  in  the  surfaces,  and  pat 

s?  for  distaneee  iiieasurc?d  on  one  "f  the  giurfaccsi  in  the  directioti  of 
rektive  motion, 

£  for  dii*taiicen  measured  on  the  same  surface  in  the  direction  perpen- 
dicular to  relative  motion, 

y  for  distiinccsi  measured  everywhere  at  right  angles  to  the  sur&ce. 

Then,  if  the  surfaces  remmu  in  their  original  direction,  since  they  am 
nearl)^  parallel, 

V  will  be  mnM  compared  with  u  and  w,  and  the  variations  of  u  and  w 
in  tht^  directions  x  and  £  are  small  compared  with  their  variutiouss  io 
the  direction  y* 

The  equations  (12)  for  the  interior  of  the  film  then  become 
dp        d'hi. 

dy 


dp        dhu 


y- 


di 


Iw 


Equations  (10)  become 


_  du     dv 

~  rfa     rfy     dz 


7',.v  =  7V-Mj^ 


.(14). 


20.     The  fluid  is  subject  to  boundary  conditions  as  regai-ds  pressure  and 
velocity.     These  are — 

(1)  At  the   lubricated  surfaces  the  fluid  has  the  velocity  of  those 
surfaces ; 

(2)  At  the  extremities  of  the  surfaces  or  film  the  pressure  depends  on 
external  conditions. 

Thus  taking  the  solid  surfaces  as  y  =  0,  y  =  A,  and  as  being  limited  in  the 
directions  x  and  ^  by  the  curve 


k 


52]  AND   ITS   APPLICATION   TO   MR   B.   TOWER'8   EXPERIMENTS.  261 

For  boundary  conditions 


v  =  0 


y  =  A 


dh 


u^^Ui        w  =  0        ^^^i^^+^if 


Aa:z)  =  0 


P^Po 


.(15). 


.(16). 


21.     Equations  (13)  may  now  be  integrated,  the  constants  being  deter- 
mined by  the  conditions  (15). 

The  second  of  these  equations  gives  p  independent  of  y,  so  that  the  first 
and  third  are  directly  integrable,  whence 

Differentiating  these  equations  with  respect  to  x  and  z  respectively,  and 
substituting  in  the  last  of  equations  (13) 

Integrating  from  y  =  0  to  y  =  A,  and  substituting  from  conditions  (15) 

From  equations  (16)  and  (14) 


.(18). 


^-=IS(2,-A) 

Putting  fzfz  for  the  shearing  stresses  at  the  solid  on  the  surfaces  in  the 
directions  x  and  z  respectively,  then  taking  the  positive  sign  when  y  =  A,  and 
the  negative  when  y  =  0 

/-'"■"'- "^-^  It'] 

Equations  (17)  and  (19)  are  the  general  equations  of  equilibrium  for  the 
lubricant  between  continuous  surfaces  at  a  distance  A,  where  h  is  any 
continuous  function  of  x  and  z,  and  fi  is  constant. 


.(19), 


k 


202         ^^^^^^  fV  THKTHtSm^O^CBRICATlilS^^^^^^^^  [^t 

22,  For  the  tiirther  integration  of  thi^m  t  tjuatiim8  it  is  necessary  to 
know  the  exact  manner  in  which  *r  and  s  enter  into  /t,  us  well  as  the  fiinctimi 
which  detenoiiiet*  the  limit  of  InbricatL^d  Kurfauus. 

These  integmtion^  have  been  cffecited  eithe^r  completely  m  approximately 
for  certain  ca^^en^  which  include  the  chief  ense  of  practical  liibricatiDii. 

Complete  integration  ban  beon  obtniiR*d  for  the  citse  of  two  parallel 
circular  or  elliptical  surface*!  approaching  without  tangential  motion,  TW 
nkHt!  is  iutert^-Kting  from  the  experiment,  treated  approKimatcly  by  SU*feii** 
ofoiie  yurface-plate  Hoatitig  tni  another  in  virtue  oi'  the  «<-*pamting  Him  **f  ^m 
It  is  introduced  here,  htjwever,  aa  being  the  mogt  cnuiplcte  as  well  m  the  ■ 
j^implest  casL^  in  which  to  coimider  the  inxj»ortant  Bfibct  of  normal  motion 
in  the  action  of  lubric^mt^ji*     It  corresponds  with  Case  2,  Section  IIL 

Complete  integration  m  also  obtained  for  two  plane  snrface^ 

between  the  limits  at  which  j^=  n  {the  pi-esnure  of  the  atmosphef©) 

tlie  surtaccH  being  unlimited  in  the  directioD  of  «.     This  eorr^ponds  with 
Cwm  4,  Section  11 L 

For  the  most  important  case,  that  of  cylindrical  surfaces,  approximate 
integration  has  been  effected  for  the  case  of  complete  lubrication  with  the 
surfaces  unlimited  in  the  direction  of  z.     Case  9,  Section  III. 


Section  V.— Cases  in  which  the  Equations  are  Completely 

Integrated. 


23.     Two  Parallel  Plane  Surfaces  approaching  each  other,  the  Surfaces 
having  Elliptical  Boundaries, 

Here  h  is  constant  over  the  surfaces,  and  when 


t/o,  Ui  are  zero. 


a^^  —  ''    ^  =  n (20). 


*   Wien.  Sitz.  Der.,  vol.  69  (1874),  p.  713. 
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Equation  (17)  becomes 

d    ,    d\         I2fidh 


263 


fd        d\         Ufidh 


The  solution  of  which  is 
p  =  <f>{t) 


Therefore 


and 


^  +  ^VcJ  +  ^,e-^sin-^  +  &e (22). 

CL         C  )  C 

^*<'>(^S=tS <^«. 

^,  =  0,  &c. 


6',  =  -!  + 


n 

^(0 


;j-II  = 


12/t 


Fix)m  equations  (19) 


.(25), 


^  _  _  24/Lfc    a-c'         dh 


supposing  surfaces  horizontal  and  the  upper  surface  supported  solely  by  the 
pressure  of  the  fluid.  The  conditions  of  equilibrium  in  this  case  are  obvious 
by  symmetry. 

The  centre  of  gravity  of  the  load  must  be  vertically  over  the  centre  of  the 
ellipse.     Since  by  symmetry 


J  oJ  0 

I    I  pzdxdz  =  0 

''f,dxdz=0 


I'f 

J  oJ  0 


^(-?) 


fidxdz   =  0 


.(20). 


OK  THE  TllKuUV   Of 


[5ATIUK 


[SS 


And 


:liiwa\^     I  I        1  \ 


4m 


There ! uru  i ti  tugmt iag 

It  being  the  time  ucciipiixJ  iu  tailing  from  A,  to  A,» 

24.     Flam  Surfaces  of  unlimited  Lentjth  awf  paraliet  in  the  Dirmlton  q/z. 

The  lovvttr  mirikee  uuliniitt'd  in  the  direetiun  ^  and  moviiig  with  a  veliicity 
I—  £/.  The  upper  surface  tixed  aud  extending  irom  «  =  0  to  *c=  ci.  This  cage 
[corresponds  with  Cast^  4,  Sectiuii  IIL 


The  boundar}'  conditions  tire 


=  ri 


V,  =  0 


jp  is  a  function  of  x  only. 
And  from  equation  (17),  Section  IV.,  by  integration 


(30) 


t-'"" 


h  -  h. 


.(31), 


hi  being  the  value  of  h  when  x  —  x^  where  the  pressure  is  a  maximum. 
Integrating  with  respect  to  a?,  and  putting  ^  =  11  at  the  boundaries 


a 

2T  m ' 


^="^<: 


1 


1  +  111 


X        2  +  7/1 

1  +  ?H  - 
a 


1 


(■-"3 


2  +  m 


/;(^-n)c^.  =  «f^fjiog.(i+,.)- 


??i 


1  + 


in) 


.(32) 
•(33) 

.(34), 
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or  putting  W  for  the  load  per  unit  of  breadth,   W  ia  a,  maximum  when 
Hi  =1*2  approximately  and 

?=16Mf^S <'^^>' 

again,  by  equation  (19) 

y;  =  /*X (36); 

therefore  [V«*b  = 't  —  log«  (1  +  «*) (37); 

and  if  m  =  1-2 

^=•6572^^ (38). 

hi 

In  order  to  render  the  application  of  equations  (35)  and  (38)  clear,  a 
particular  case  may  be  assumed. 

Let  fi=  10-*, 

which  is  the  value  for  olive  oil  at  a  temperature  of  70°  Fahr.,  the  unit  of 
length  being  the  inch,  and  that  of  force  the  lb. 

Let  [7  =  60  (inches  per  sec.) 

h,  =  -0003. 

Then  from  (35),  the  load  in  lbs.  per  square  inch  of  lubricated  surface  is 
given  by 

—  =1070a^ 
a 

and  from  (38),  the  frictional  resistance  in  lbs.  per  square  inch  is 

F 

-  =  1-31. 

a 

This  seems  to  be  about  the  extreme  case  of  perfect  lubrication  between 
plane  metal  surfaces  having  what  appears  to  be  about  the  minimum  value 
of  A,. 


Fig.  17. 


JO  is  the  line  of  action  of  the  load  cutting  the  brass  symmetrically,  and 
R  =  JP  ^ 

R-\-a  =  IQ 
h  =  PQ 

A,  =  HG,  the  smallest  section 

Jl^ca  [...  (39). 

PJO  =  0 

P^JO  =  ^1.     Pi  being  the  point  of  maximum  pressure.  > 


^ 
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Then  taking  x  for  distances  measured  in  the  direction  OA  from  0  on  the 
surface  4-B,  and  putting  r  for  the  distance  of  any  point  fix)ni  J, 

p[     (40) 

x,  =  R(f>, (41). 

Neglecting  quantities  of  the  order  -jz 

h  =  a{l  -f  c  sin  (5  -  <^o)l    (42). 

For  if  /  be  moved  up  to  »/,  Q  moves  through  a  distance  ca  in  the 
direction  JH, 

The  boundary  conditions  are  such  that 

(1)  all  quantities  are  independent  of  z; 

(2)  Uo  is  constant,  Ui  and  Fi  =  0 ; 

(3)  putting  00  =  OJA,  01  =  OJB,  whence  by  symmetry  0^=  —  01, 

0  =  do] 

^=J--^=^« (^> 

Putting  —  L  for  the  effect  of  the  cxteraal  load  and  —  M  for  the  external 
moment  per  unit  of  length  in  the  direction  z,  and  assuming  that  there  are 
no  external  horizontal  forces,  the  conditions  of  eijuilibrium  for  the  brass  are 


\p8in0'-fcos0]d0  =  O (44) 

j    {p  cos  0'\-f  81110}  d0  =  ^  (45) 

f^  M 

//^^=l (^«)- 


Substituting  from  equations  (40),  (41),  (42)  in  equations  (17)  and  (19), 
Section  IV.,  putting 


a^     ■         -    -a    (*^) 

and  remembering  the  boundary  conditions,   these  equations    become    on 
integration 

^  ^  6i?/*t7.c{8in(g-<^)-sin  (<^-»^.)} 

de  o'{l+c8in(^-^)}»  ^*'^> 


ON  THE  THEORY  OK  LUBRICATIOH 

^  ^      3/1 U^  [win  (f>  -  ^1,)  -  ain  (^i  -  <fr,>l 
•' *  a\\  +  c  sin  (tf  -  0)1* 

/*_»;! 


■1*9). 


26*     r/re  Method  of  Approximatti  ffdei/rutimL 
The  s«3oond  nivinbei*s  of  e<}uation«  (4^H)  an* I  (49)  iiiuy  bt?  expanded  jiO  that 

-  -^  /=  Bo  +  i^,  sin  {0  -  <^;)  +  B^  cos  1  (0  -  ^)  +  &c. 

+  B,,,co9  2.r{tf^^)  +  53„,jmii  j(2iir+  1)0-4*)] 
Puttitig  x  =  ®i"(*^i~<^"^'-' ■""•' ^*t52) 

,.,,    (r+  l)7-(r-  1),..  -p^  (r+2)(r+  l)r(r-  1), 

^i„    =-x--      \ r: —c^"i- z ^*^x 


r  =  g 


2r+i 


2r+i 


1? 


^«    -     (-1)-      (i^4^...,,'^^^H2.^1)^ 


r=*- 


+  s 


r-TiJ*+3i 


c^-'  + . (fx 


-  ti 


^"  i4*  -  ** 


> 


^«+i=  (-1)" 


(2«  +  2)  (2n  + 1)         (2»  +  3)(2>i  +  2) 
■  r+2n+3 


I 


+  S 


r=i^+l 


1-^211^:1 


(.  +  l)7^(r-1)..,    --^        _.  .(r+2)(r+l)r...r+2»  +  2  . 
S^  r-2ft-l  "^  ^|r_2ii_-l  '^'^ 


.(53). 
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=  l-3cx  +  2 


r=ax 


r=2 


[4-3(r  +  l)]r.(r-l)...'^^ 


2r 


3(r  +  l)r(r-l)... 


2'- 


=  (_!)»  I  [^-3(2n+l)]c»'-  3  (2n  +  l)(^+'x 


i 


r  +  1 


'  C+'x 


+  S'"'"     [[4  -  3  (r  + 1)]  c'  -  3  (r  + 1)  c'+'  v] 

r=?ii+«  L  J 


7-.(r-l)...    -     2  -- 


2r-i 


r  —  2n 
2 


_  /     1  ^»+l  |[4-3(2n  +  2)]  c»'+'  ^3  (2n  +  2)  c»+» ^ 


2»n 


+  2 


r=2oo  +3 


r=2n+3 


[4- 

j  L 


3(r+.l)]c*--3(r  +  l)c''+^ 


^] 


r.(r-hl)...rH-2n4-31 


r  -  2n  -  1 
2 


.(54). 


The  coefficients  ilo,  -4j,  &c.,  Bo,  ^i.  &c.,  are  thus  expanded  in  a  series  of 
ascending  powers  of  c  with  numerical  coefficients  which  do  not  converge. 
It  seems,  however,  that  if  c  is  not  greater  than  '6  the  series  are  themselves 
convergent,  and  it  is  only  necessary  to  go  to  the  tenth  or  twelfth  tenn, 
to  which  extent  they  have  been  calculated,  and  are  as  follows : — 

^^  =  -  I'oc  -  S-TSc* -  6-565C*  -  9-85c'  -  13-51c»  -  1 7-6c" 

-  {1  +  Sc^  +  0-625C*  +  8-75c«  +  12-225c'  +  lQ'2c'']  x 
A,  =  l+  4-5c»  +  9-375C*  +  15-23c«  +  21-92c«  -+-  29-8c'»  +  38-6c^^ 

+  {3c  +  7-5c»  +  1313c»  +  19-7c^  +  2701c»  +  35-2c»}  x 
A^  =  l-5c  +  5c*  +  9-85c»  +  15-75c^  -h  22-56c»  +  20-24c" 

+  I3c«  +  7-5c*  +  13-13c«  +  19-7c«  +  2702c'o  +  35-2c^^j  x 

^5  =  -  l-5c»- 4'7c*-  9-2c«  -  14-7c«'-  21-45c*o 

-  {2-5c'  +  6-5Gc»  +  ll-78c^  +  18-03c»  +  25-4c"}  x 
J,  =  -  l-25c» - 3-94c» - 7-87 5c^ -  1 2-88c» -  ISSc" 

-  {1-875C*  +  5-2oc«  +  9-85c8  +  15-48c»«  +  22-45c"}  x 
A^  =  •939c*  +  3-07c«  +  6-33c»  +  10-68c" 

+  (2-63c»  +  3-94c'  +  7-76c»  +  12-6c"}  x 


.(55). 
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A  =  2o+  0c«+  9  75c'+  11  3125r 

+  {6c» -f  ad* -i- 1 1  25c*  +  1 2-5c*t  X 
i?,  =  2'5c=  +  5  5c^  +  7  DTc*  +  1 0  Oilc" 

+  I  i*5c«  +  7'5c*  +  0*86c^  4- 1 1  'Htf]  x 
B.^-^c"-  4  375c^  *•  a  5(i25r  -  8  01  cr* 

-  t'^(^'  +  5*625c*  +  7 -8730-  +  fl1i4c^«l  ^ 
i?4  =  -  1  '37af--  -  3'2c^  -  5  03c* 

"  { 1  'Hloc'  +  3^94c^  +  5  -OSc*!  x 


.(56). 


27.     The  Iftteffrotion  of  tlm  Eqmttifnw. 
Integrating  equation  (50)  betwoen  \\\v  liniit^  9^^  iu»<l  0 

+  4' jmn  2  (^  -  (^,J  -  sin  2  (^,- ,fr,t| 


EC. 


&c. 


^'IflHJ-l 


-  2-^'=.'^  leas  [(2«  +  !)(<?-  ^„>]  -  co«  [(2«  +  I ) {0,  -  ^)]\ 

+  '|^{sin2n(5-(^„)-sin2«(^„-^„)!   (57). 


whence  putting  0  =  0,  by  condition  (43) 


A,  . 


0  -  A „0,  —  A ,  sin  0,  sin  (^^  +  ^^  sin  2^,  cos  2<f>„  —  &c 


-^^^^^  sin  [(2;^  +  1)5,]  sin  (2«  +  1)  0o 


+  ^sin2n5,cos2w(/)o (58). 


Putting         E  =  Aicoadi  cos  0©  +  ~^ ^os  25i  sin  2<f)Q  +  &c. 

4U 


+  =^  COS  [(2n  +1)5,]  cos  [(2n  + 1)  0o 

+  ^^  cos  2w5,  sin  2iicf>o (59), 


»2] 
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vhence  from  equations  (57)  and  (58) 
p-po_ 


^., 


^-j^^- =  E  +  A,d -A,  cos  {d  -  ^,)+  y'sin  2(^  -  ^) 
^^co8[(2n+l)(^-,^.)] 


+  -^8in2n(d-./^.). 


.(60). 


Multiplying  equation  (60)  by  sin  ^  and  integrating  between  do  and  di, 
emembering  that  ^o  =  —  ^, 


.    /sin  2ft  sin  <f>o      /,    .      .  \ 
+  ^1  [ 1 — ^'  -  ffi  sm  <^oj 

.  ^3  /  .    /,       „  .      sin  20  cos  2<^\ 
+  ^  ( sm  ^  cos  2<^ ^  "       J 


&c. 


&c. 


2?H-i 


sin  (2/1+2)  ^1  sin  (2nj- 1) <^o     sin  2ngi  sin  (2y?  +  1)  <f>o 


2/1  +  2 


2w 


ilan  fsin  (271  +  1)  $1  COS  2n<f>     sin  (2??  +  1)5  cos  2n<f> 


.(61). 


*^2n  J' 

Multiplying  equation  (60)  by  cos  0,  and  integrating  from  ff„  to  0, 
*'  ^A'f"  ^'^^  ^'^^  "  ~  ^"  (^'  ''''^  ''''•  "  ^'"2^'  ""'  '^") 

+  ^^+!  j^"'''2sin(2n  +  2)^cos(2«+  1)<^  -*^4,J*sin2«0|CO8(2H+l)4 

+  4^- j    ^"     sin(2H  +  l)58in2«<^-^"ysin(2n-  I)d.sin2n4...(62). 

Multiplying  equation  (51)  by  cos  5  and  integrating 

f^fcosd     oD    •    /I       D  /sin  2^1  sin  <^o  .  /,     •      .\ 
-  I  •^-  -^-  =  2Bo  sin  5i  -  J5i  ( ^ +  ^1  ^^^  ^«j 

„  /sin  3^1  cos  2(^0  .    .    /,        ^  .  \ 
+  fig  f ^ ^'  +  sm  dy^  cos  2<^o  j 

-  &c. 

P     (sin  (2n  +  1)  gi  cos  2n<^o     sin  (2n  -  1)  ^i  cos  2n0o) 
■*■  ^^  I  2;r+l  "^  2n  - 1  J 

^        (sin  (2n  -i-  2)  d,  sin  (2n  +  1)  <f>o     sin  2w^i^n  (2n  +  1)  <^o] 

-  ^^+'\  2n+2  "^  '  ■    2n  j 

(63). 
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Multiplying  equation  (51 )  hy  Bin  0  and  intogmting 


i& 


/■*'  /"sin  6d0      „  /sin  *20,  ww  A,      -,         ,  \ 
-J./-  A' -  =  ^'  (—  2— -  -  "■  ""^  *•  J 

J*?JII  ( 2f?  4-  2 )  e?i  cos  (2?*  +  1)  ^     sin  2iig|Co8(2rt--  1 )  ^/l 


2»  +  2 


tn 


,(641 


Inlegmting  aqimtion  (51) 
"  /'  "TT  "  "^^'^^  "  ^^'^  ''"^  ^' '''"  *"  '^  ^^'  ^^'^  ^^'  ^^  ^^ 

- I^^Mii (2.1  +  1) 5,8m (2«  +  l)^  ....  (65), 

Substituting  from  iMiuations  (61) — (fi-1)  in  tht'  eqiiationa  of  equilibrium 
(44),  (45),  (46),  there  results— 

From  (44) 
0  =  2  (KMo  +  K^Bo)  sin  d,  -  2K,cAo&i  cos  0, 

+  (K,c.Ai  -  J<^B,)  ^^^"  sin  <^„  -  {K,cAy  +  ^,«,)  ^,  «in  .^. 

+  &C. 

_  ^"==°  {(KMm^  V  a  \  8in(2n-l)g.co8  2M.^. 

+^.,  ir^2,i  +^A.j^  - ^^T^n 

(KicA-ai     V  ji  \  sin (2«  + 1)^1  COS 2n^ 
~l^;i         -^'^^j  2n  +  l 

(K^Ajn^i      jj,  j^      N  sin  2n^,  sin  (2n+ 1)^0 
"  l"2^Tr  +  ^'^*"^' j  2^^ 

.  fKrcA„+r      „„      \8in(2«  +  l)g,8in(2n  +  l).^) 

+  v^^rTr-'^'^*"+'j 2;m:2 J ^^^^- 


[ 
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From  (45) 

I  =  {KM.  -  K,B,)  C^^g^^'  -  0^  cos  <fr, 

j^v"^"  \^ir    A     ,  V  o  Asm{2n  +  \)0^     sin (2n - 1) ^,"1    .    _    , 

I  /v    A           V  D      ^  fsui (2«  +  2) 5,     sin2«d,"|        .      ,is,\/i"7\ 
+  (A,Cil„.+,-AA+,)  I — ^:j72^ 2^  -Jcos(2H  +  l)<^,|(r.7) 

From  (46) 

-  J  =  A',  |25„^.  -  2B.  sin  6,  sin  ^,  +  — *  sin  2(9,  cos  2<^o 

2B 
+   ~^  sin  2w^i  cos  2n<^o 


•25. 


2n  +  l 


sin (2n  + 1)^1  sin (2?i  +  l)<^o[  (6S). 


The  equations  (66),  (67),  (68),  together  with  (58),  which  expresses  the 
boundary  conditions  as  regards  pressure,  are  the  integral  equations  of  equi- 
librium for  the  fluid  between  the  bi-ass  and  journal,  and  hence  for  the  brass. 

The  quantities  involved  in  these  equations  are 

JB,  U,  M,  Z,  /A,  01  and  a,  c,  0o,  <^i. 

If,  therefore,  the  former  are  given,  the  latter  are  determined  by  the 
solution  of  these  equations. 


Section  VII. — Solution  of  the  Equations  for  Cylinduical 

Surfaces. 

28.     c  ami  /u  ji  small  compared  mth   Unity. 
In  this  case  equations  (55)  become 

^  =  -X  ^0  =  1  ^ 

A,=     1  2^1  =  0         ■ (69). 

Jo=     0,  &c.        5o  =  0,  &c.^ 

Equation  (58)  gives 

0  =  x^i  +  sin  djsin  <f)^ (70). 

o.  R.    II.  ].** 


0  =  C^KtCx  -  2^,)  sin  0^  -  2K,cx&i  cosi  0,  -  jr,c^^^— '  ^in  <^, 


+  K,c0,mn4>, .....(71). 


Equation  (67)  giveg 


L      „    /sin  2&t      ^  \         , 


and  equatioQ  (68)  gives 


%^-iKA 


.(72) 

.(73). 


Also  eqaation  (57) 

p  —  Po  =  ^jC  fcos  ^j  COS  ^0  -  x^  —  COS  (^  -  4)1 .(74y 

Elimmating  %  between  equations  (70)     id  (71) 


8in  00  =  ^  ^ 


^^1 


.(75). 


^^P  """"     ^"c(fi-       ^^   !i  +  isin26?) 

I       The  equations  (74)  and  (75)  suffice  to  dletermine  a,  c,  ^  and  ^  under 

W  the  cxjnditions  */  ^  and  c  small  so  long  as  ^^  is  not  smallp  in  which  case  the 

terms  retained  in  the  equations  become  so  small  that  some  that  have  beeu 
neglected  rise  into  relative  importance. 

To  commence  with  let 

(Cases  5  and  9,  Section  III.) 

Then  by  (72) 

and  by  (70) 


Z  =  0. 

cos  00  =  0 
_     sin  5, 

putting  for  x  its  value  sin  (0i  —  0o) 

,       sin  5i 
cos0i  =  — ^  

Equation  (76)  gives  two  equal  values  of  opposite  signs  for  0i.  These 
correspond  to  the  positions  of  P,  and  Pa,  the  points  of  maximum  and 
minimum  pressure. 

For  the  extreme  cases 


.(76> 


0,  =  O       <t>,  =  ±Vi0, 


0,=7r 


0  =  +  cos~^  - 

TT 


.(77). 


52]  AND  ITS  APPLICATION  TO   MR  B.   TOWER'S   EXPERIMENTS.  275 

From  equations  (73)  and  (47) 

«=» w 


«.dfr„n,(76)  c-l^  ^  J-' ^ m 


a   sin^i 

( ^1 Q — -  +  \  sin  25,  j 

When  L  increases 

From  (72)  and  (75) 


tan  ( 


R  ^  /sin  20,      .\ 2 sing, 

Hence  as  Z  increases  tan^o  diminishes  until  the  approximation  fails. 
This,  however,  does  not  happen  so  long  as  c  is  small. 

As  the  load  increases  from  zero,  equation  (80)  shows  that  Q  moves  away 
from  0  towards  A. 

It  also  appears  from  equation  (70)  that  x  a^d  <f}i  diminish  as  ^o  diminishes, 
and  that  ^  is  positive  as  long  as  the  equations  hold. 

To  proceed  further  it  is  necessary  to  retain  all  terms  of  the  first  order  of 
small  quantities. 

Retaining  the  first  power  of  c  only,  equations  (55)  become 

Ao  =  -  I'oc  -X         Bo=l-  Sex 
A,=     1  +  3cx  B,  =  2c 

A^  =      I  be 
From  (58) 

X  (^1  +  3c  sin  01  sin  <^o)  =  -  sin  0,  sin  <^o  -  1  'Sc^,  +  1  '5c  — ^  *  cos  2<f)o. .  .(82). 


5,  =  2c 

B,  =  0  J 


.(81). 


2 
From  (66) 

0=1-  2ir,c  (l-oc  +  x)  +  2K,  (1  -  Sex)]  sin  0, 
+  2KiC{V5c-\-x)^i^oH0i 

-h  [K,c  (1  +  Sex)  -  2/^^}  ^^'  sin  0o 

-  [K,c  (1  +  Sex)  +  2^ac}  5,  sin  <^o 

+  |Jf,c»(sin«,-^-^^)cos2(^o   (83). 

18—2 
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Frmii  (ti7) 

^  =  -  I  A',c ( 1  +  Hex)  -  2/^^l  (".  - '' x^)  ^'^  *. 


[51 


+  KxC  -J-  (i  sin  3tf|  sm  2^^  -  sin  ^4  sin  2^) 


Frotii  (6H) 


M 


jL-^-  A".  {2(1^  3cx) 5i  -  4€  siti  fl,  t«in  <^; 


la  the  equations  (82)  to  (S5)  tarms  have  been  reUined  aa  far  as  tho 
second  power  of  c,  but  these  terms  have  very  unequal  values.  As  %  *^*^ 
mil  00  diminish  v  increases,  and  the  products  of  ex  ^^^  ^«in  (to  may  be  regarded 
aa  never  hucouiing  importatit  and  be  omitted  when  multiplied  by  A'jC  or  K^ 


Making  such  omissions  and  eliminating  x  between  (82)  and  (83) 

-^^n    '    A   .     \%n(  *    A      sinS^A     ^>.    ^      ^        ^.mn2tftl 
„  ^  e^  mx  Bx  +  c\%8A^m0^-  ' J  -  3  (sm  $■,  -  e^  cos  ff^)  — ^ t 

in  A.  =     '^  .  ^      L^  9/i  * 

e,  id,  -      g      1  -  2  (sin  5i  -  6,  cm  0,)^m  0, 

..»».486> 


sin  0„ 


Efiuntifin  (HC>  i?^  ft  *|Uadratic  for  r  in  tf^rms  of  >^iT>  d?*  .  from  which  it  is  cleftr 
that  as  c  increases  from  zero  0o  goes  through  a  minimum  value  when 


( 


I 
f 


c-?^' 

'-  K, 


d,  sin  e. 


J^,  ^sin  e^  - 


sm  3^,\     „  .  .    .      ^        ^  .  sin  2^, ' 
' '  -  3  (sm  $1  -  01  cos  ffi)  — g— 


.(87). 


As  the  load  increases  from  zero  the  value  of  c  increases  from  that  of 
equation  (79)  to  the  positive  root  of  (87).  As  the  load  continues  to  increase 
c  further  increases,  but  ^o  again  increases,  so  that,  as  shown  by  equation  (86), 
for  values  of  <f>o  greater  than  the  minimum  there  are  two  loads,  two  values  of 
c,  and  two  values  of  x- 

If  ^1  is  nearly  ^  ,  c  will  be  of  the  order  a/  ^^  when  0o  is  small,  and  sin  ^ 


will  be  of  the  order  4c ;  so  that,  so  long  as  a/  ^^  is  sufficiently  small,  no 

error  has  been  introduced  by  the  neglect  of  products  and  squares  of  these 
quantities. 

For  example 

0,  =  1-37045  (78°  31'  30"  as  in  Tower's  experiments) (88). 
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By  equation  (86) 

8in</)o=3-984c  + 1-9847-— (89). 

And  by  (87)  at  the  minimum  value  of  <f>o 


r'a 


,-r 


.(90). 


sin  <^=  5-61  y/^j 
Putting  ;^  =  sin  <^,  —  sin  <^,  equation  (82)  becomes 

sin  ^,  =  - -167760 +5656  J- (91), 

or,  when  ^,  is  a  minimum, 

sin  0,  =  •682^'^ (92). 

Therefore  x  =  '*"928a/J   (93). 

Equations  (84)  and  (85)  give 

^  =  -  11753iriC (94). 


^  =  -2-74ir,  (95), 


whence  equations  (47) 


c  =  -388a^ (96), 

^-3«35Mf, ^^'^- 

So  long  then  as  a  ^  is  not  greater  than  0*2,  these  approximate  solutions 
are  suflSciently  applicable  to  any  case. 

For  greater  values  of -7^  the  solution  becomes  more  difficult,  as  long  how- 
ever as  c  is  not  greater  than  '5  the  solution  can  be  obtained  for  any  particular 
value  of  c. 
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29.     Further  AfifyrtMimatwn  to  the  Sohttion  of  Ute  Et^mttionx  for 
pai^ictdar  Valu^  of  c* 

Thii  procc^s^  hero  adopted  Ls  to  assume  a  vuhiti  fur  c.  From  ec|ii&tioii6 
(5S)  aud  (54)  to  find 

a,^a:^a:x  b,^bub:'x-..^ ...(9«). 

where  Ai,  il/',  £]',  5/'  are  numerioal. 

Th^e  coefficients  are  then  intnxiucod  into  equations  (58)  and  (66)  which 
on  elitninating  x  give  on©  equation  for  ^a- 

The  complejc   matmer  in   which   ^  enters  into  the  equatioti  rendera 
solution  difficult  ejtcept  by  triali  in  which  way  values  of  tfi^  coTrespondiag  to  | 
different  values  of  c  have  been  found* 

The  value  of  ^^  substituted  in  equations  (58)  or  (66)  gives  x  ^^^  4^* 

The  corresponding  values  of  thi  <f>o  and  x  being  thus  obtained,  a  complete 
table  might  be  calculated.  This,  however,  has  not  been  done,  as  there  does 
not  exist  sufficient  experimental  data  to  render  such  a  table  necessary. 

What  has  been  done  is  to  obtain  <f>i  and  ^o  for  c  =  '5,  Oi  having  the  value 
1'3704  as  in  equation  (88)  and  in  Tower's  experiments. 

The  value  c  =  "o  was  chosen  by  a  process  of  trial  in  order  to  correspond 
with  the  experiments  in  which  Mr  Tower  measured  the  pressure  at  different 
parts  of  the  journal  as  described  in  his  second  report,  and  as  being  the 
greatest  value  of  c  for  which  complete  lubrication  is  certain. 

Putting  c  =  '5,  equations  (43)  and  (44)  give 

ilo  =  -l-6351-2-3018x        A  =  -   •012-2-304x\ 

A,=     30723 +  30721X 

A,=     1-8647  +  1-5360X 

As  =  -   •8911-   •6571x 

^,  =  -   -3753-   •2582x 

A,^       1396+   •1343x 


I 


ifi  =  2143  +  2-286x 
A=  1139+  sdex 
B,  =  -  -455-  316x 
B,  =  -    146-   mix 


} 


.(99). 


Taking  ^,  =  1-3704  or  78°  31'  30" 

it  was  found  by  trial  that  when 
^,  =  48° 


.(100). 
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and  Kt  was  neglected  (under  the  circumstances  K^  was  about  OOOS^,), 
equation  (56)  gave 

X  =  -  -82295  or  -  sin  55°  22'  40"\ 

and  equation  (66)  gave  (101). 

X  = --82274   „    -  sin  55°  21' 40") 

The  difference  -00021  being  in  the  same  direction  and  about  the  magnitude 
of  the  effect  of  neglecting  K^.     ^ 

This  solution  was  therefore  sufficiently  accurate,  and  adopting  the  value 
of<^,-<^  <^,  =  7°21'40" (102). 

Equations  (99)  then  became 


J,=     -3587  5,=     1-912\ 

^,=     -5449  B^=     2-263 

i4,=     -6010  A=       -303 

^=-•3505  Bt  =  -    -195 

^4  =  -  0407  B^  =        066 
At  =  -  0291 

Substituting  the  values  from  equations  (100),  (102).  and  (103)  in 


(103). 


^  =  -  l-2752Z,c (104), 

Jti 


M 

B? 

E  =  -  -25257 


=  -4-7646^,  (105). 

(106). 


equation  (67) 

equation  (68) 

By  equation  (59) 
By  equation  (60) 

^'^'^  =  - -25257  +  -3587^ -  545  cos {0 - 48") 

+  -3005  sin  2  (5  -  48°)  +  '1168  cos  3  (5  -  48°) 
-  0407  sin  4  (^  -  48°)  +  '0058  cos  o{0-  48°)  ...(107). 
From  equation  (107)  values  of 

Kc 
have  been  found  for  values  of  6  differing  by  10°,  and  at  certain  particular 
values  of  6 — 


^=  j-  29°  20'  20"  points  at  which  the  pressure  was  measured 
^  =  —    7°  21'  40"  point  of  maximum  pressure 
^  =  —  76**  38'  40"  point  of  minimum  pressure 
tf  =  ±  78'  31'  30"  the  extremities  of  the  brass 
These  are  given  in  Table  II. 


...(108). 
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Table  IL — The  Pressure  at  Variouii  Points  round  the  Bt^aring, 


B  olT  aide* 

Ajb  rodiiit  =  1. 

-AV 

t^  oil  Mtle. 

Ate  imdiuA  =  I* 

b   b  "o 

iill 

IfHTj] 

Vj  b   0 

I'OIKI 

-   7  J2l  40 

-0'im^7 

11>2(UI 

-10   a   0 

-iM7433 

1 1 1282 

Hi     U     0 

0  J7i^:i 

OH^l 

-m   t)   0 

"0-31907 

mnit 

32t>     0      0 

U  3  11)07 

o*m^ 

-2JI  ^)  20 

-(J%'j12U 
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21*  20  aO 

U-51^0 

iJfUXrS 

j    -40    0     0 

-0'6fJ81 
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-50    0    0 

^0-«737 
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50     0     0 
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HMT'i 

ottid 

'70    0    0 

-J'2317 

01l2r»3 

70    0    0 
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-0*001 
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The  Figs,  18,  IP,  20  represent  the  results  of  Table  II. 
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Fig.  20. 


In  the  curve  Fig.  18  the  ordinates  are  the  pressures,  and  the  abscissse 
the  arcs  corresponding  to  0, 
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In  the  curve  Fig.  19  the  ordinates  are  the  same  plotted  to  abscissa) 
=  R  sin  0. 

In  the  curve  Fig.  20  the  horizontal  ordinates  are  the  same  as  the  vertical 
ordinates  in  Figs.  18  and  19,  and  the  vertical  abscissae  are=  R  cos  0, 

These  theoretical  results  will  be  further  discussed  in  Section  IX.,  where 
they  will  be  compared  with  Mr  Tower  s  experiments. 

29  A.     c  =  '5  is  the  Limit  to  this  Method  of  Integrating. 

In  the  case  considered,  in  which  0  =  78°  31'  20",  Table  II.,  shows  that  the 
pressure  towards  the  extreme  off  side  is  just  becoming  negative.  With 
greater  values  of  c  this  negative  pressure  would  increase  according  to  the 
theory. 

The  possibility  of  this  negative  pressure  would  depend  on  whether  or  not 
the  extreme  off  edge  of  the  brass  was  completely  drowned  in  the  oil  bath, 
a  condition  not  generally  fulfilled,  and  even  then  it  is  doubtful  to  what 
extent  the  negative  pressure  would  hold,  probably  not  with  certainty  below 
that  of  the  atmosphere. 

With  an  arc  of  contact  anything  like  that  of  the  case  considered  it  would 
be  necessary,  in  order  to  proceed  to  larger  values  of  c  than  5,  that  the  limits 
between  which  the  equations  have  been  integrated  would  have  to  be  changed 
from 

to  2(</>o-|)-^i,  +^1. 

This  integration  has  not  been  attempted,  partly  because  it  only  applies, 
in  the  case  of  complete  lubrication,  when  the  value  of  c  >  5  renders  approxi- 
mation very  laborious,  but  chiefly  because  it  appears  almost  obvious  that  the 
value  of  c,  which  renders  the  pressure  negative  at  the  off  extremity  of  the 
brass  is  the  largest  value  of  c  under  which  lubrication  can  be  considered 
certain. 

The  journal  may  run  with  considerably  higher  values  of  c,  the  continuity 
of  the  film  being  maintained  by  the  pressure  of  the  atmosphere,  which  would 
be  most  likely  to  be  the  case  with  high  speeds.  But  although  the  load 
which  makes  c  =  "5  is  not  necessarily  the  limit  of  carrying  power  of  the 
journal,  it  would  seem  to  be  the  limit  of  the  safe  working  load,  a  conclusion 
which,  as  will  appear  on  considering  Mr  Tower  s  experiments,  seems  to  be  in 
accordance  with  experience. 

This  concludes  the  hydro-mechanical  theory  of  lubrication  so  far  as  it  has 


I 


» 


I 
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been  ciirried  in  this  investigatioia.  There  reniaia,  hawover,  phyaical  conaider- 
atioDs  as  to  the  effect  of  variations  of  the  speed  and  Itiad  on  a  and  ft  whieh 
have  to  be  taken  into  account  before  applyi ug  the  theory. 


Section  V^IIL — ^The  Effects  of  Heat  and  Elasticity, 

;iO*     ^  and  a  are  Ofdy  to  b€  inferred  from  the  e-j^perimmtis* 

The  e<|iiatioiis  of  the  last  section  give  directly  th©  frictiou,  the  inted^ty 
of  pnjaaure,  and  the  distance  betweeu  the  cylindrical  8urfac€?s,  when  the 
velocity,  the  radii  of  curvature  of  the  journal  and  the  hmss,  the  length  of 
the  braiss,  and  the  manner  of  loading  are  known  (ie,  when  II,  M^  a^Q^.L,  and 
/i  are  known);  and,  further,  if  M  the  moment  of  friction  is  known,  the  equa- 
tions afford  the  n\ean«  of  determining  a  when  /«  is  known,  or  ^  wherj  a 
m  known* 

The  quantities  U,  R,  5,,  and  L  arc  of  a  nature  to  be  easily  determined  in 
any  experiment  or  actual  case,  and  M  m  easily  meaiiufed  in  special  experi- 
ments, but  with  a  and  ^  it  is  difi^rent. 

By  no  known  melius  can  the  difference  of  mdii  (a)  of  the  journal  and  its 
brass  be  determined  to  one  ten-thousandth  part  of  an  inch,  and  this  wonid  ^ 
be  necessary  in  order  to  obtain  a  precise  value  o(  a.  As  a  matter  of  &ct  ] 
even  a  rough  measurement  of  a  is  impossible.  To  determine  a,  therefore,  it 
is  necessary  to  know  the  moment  of  friction  or  the  distribution  of  pressure ; 
then  if  the  value  of  /x  be  known  by  experiments  such  as  those  described  for 
olive  oil  (Section  II.),  a  can  be  deduced  from  the  equations  for  any  particular 
value  of  /i.  But  although  the  values  of  /x  may  have  been  determined  for  all 
temperatures  for  the  particular  oil  used,  and  that  value  chosen  which  corre- 
sponds with  the  temperature  of  the  oil  bath  in  the  experiment,  the  question 
still  arises  whether  the  oil  bath  (or  wherever  the  temperature  is  measured) 
is  at  the  same  temperature  as  the  oil  film.  Considering  the  thinness  of  the 
film  and  the  rapid  conduction  of  heat  by  metal  surfaces,  it  seemed  at  first 
sight  reasonable  to  assume  that  there  would  be  no  great  difference,  but  when 
on  applying  the  equations  to  determine  the  value  of  a  for  one  of  the  journals 
and  brasses  used  in  Mr  Tower's  experiments,  it  was  found  that  the  different 
experiments  did  not  give  the  same  values  for  a,  and  that  the  calculated 
values  of  a  increased  much  faster  with  the  velocity  when  the  load  was 
constant  than  with  the  load  when  the  velocity  was  constant,  it  seemed 
probable  that  the  temperature  of  the  oil  film  must  have  varied  in  a  manner 
unperceived,  increasing  with  the  velocity  and  diminishing  the  viscosity, 
which  would  account  for  an  apparent  increase  of  a. 


52]  AND   ITS   APPLICATION  TO   MR  B.   TOWER's   EXPERIMENTS.  283 

That  a  should  increase  with  the  load  was  to  be  expected,  considering  that 
the  materials  of  both  journal  and  brass  are  elastic,  and  that  the  loads  range 
up  to  as  much  as  600  lbs.  per  square  inch,  but  there  does  not  appear  aoy 
reason  why  a  should  increase  with  the  velocity  udIoss  there  is  an  increase  of 
temperature  in  the  metal.  If  this  occurs,  the  apparent  increase  of  a  would 
be  partly  real  and  partly  due  to  the  unappreciated  diminution  of  fi  owing  to 
the  rise  of  temperature. 

Until  some  law  of  this  variation  of  temperature  and  of  the  variation  of  a 
with  the  load  is  found,  the  results  obtained  from  the  equations,  with  values 
of  fi  corresponding  to  some  measured  temperature,  such  as  that  of  the  oil 
bath  or  a  point  in  the  brass,  can  only  be  considered  as  approximately 
applicable  to  actual  results.  Even  so,  however,  the  degree  of  approximation 
is  not  very  wide  as  long  as  the  conditions  are  such  that  the  journal  "  runs 
cool." 

But,  treated  so,  the  equations  fail  to  show  in  a  satisfactory  way  what  is 
one  of  the  most  important  matters  connected  with  lubrication — the  circum- 
stances which  limit  the  load  which  a  journal  will  carry.  For,  although  it 
may  be  assumed  that  the  limit  is  reached  when  ca,  the  shortest  distance 
between  the  surfaces,  becomes  zero  or  less  than  a  certain  value,  yet,  accord- 
ing to  the  equations,  assuming  a  and  /a  to  be  constant,  the  value  of  c 
increases  directly  as  i7  if  the  load  be  constant;  so  that  the  limiting  load 
should  increase  with  U.  But  this  is  not  the  case,  for  it  seems  from  experi- 
ments that  at  a  certain  value  of  U  the  limiting  load  is  a  maximum  if  it  does 
not  diminish  for  a  further  increase  of  U. 

Although,  therefore,  the  close  agreement  of  the  calculated  distribution  of 
the  pressure  over  the  bearing  with  that  observed  and  the  approximate 
agreement  of  the  calculated  values  of  the  friction  for  different  speeds  and 
loads,  such  as  result  when  fi  and  a  are  considered  constant,  seem  to  aflfoi-d 
sufficient  verification  of  the  theory,  and  hence  a  sufficient  insight  into  the 
general  action  of  lubrication,  without  entering  into  the  difficult  and  some- 
what conjectural  subject  of  the  eflFects  of  heat  and  elasticity,  yet  the 
possibility  of  obtaining  definite  evidence  as  to  the  circumstances  which 
determine  the  limits  to  lubrication,  which,  not  having  been  experimentally 
discovered,  are  a  great  desideratum  in  practice,  seemed  to  render  it  worth 
while  making  an  attempt  to  find  the  laws  connecting  the  velocity  and  load 
with  a  and  fu 

As  neither  the  temperature  of  the  oil  film  nor  the  interval  between  the 
surfaces  can  be  measured,  the  only  plan  is  to  infer  the  law  of  the  variations 
of  these  quantities  for  such  complete  series  of  experiments  as  Mr  Tower's. 
In  attempting  this,  a  probable  formula  with  arbitrary  constants  is  first 
assumed  or  deduced  from  theoretical  considerations,  and  then  these  constants 
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are  determined  fitim  the  experiment  and  the  genaral  agreement  testted.    In 
order  to  detennioe  the  actual  circumstances  on  which  the  conntants  depend, 
it  is  important  to  obtain  the  formula  from  theoretical  coneiderationa    ThiiJ 
has  therefore  been  done,  iilthough  thene  considerations  woukl  not  be  ^afiidtdii| 
to  entablmh  the  formiilie  without  a  close  agreoment  with  the  experimeni 

HI,     The  Effect  of  the  Load  and  Velocity  to  alter  ike  Vaitie  of  the  Different^ 
qf  liadii  of  the  Rram  and  Jo  nr  rial,  Le.,  of  it. 

The  effect  of  the  load  is  owing  to  the  elasticity  of  the  materials,  hence  it 
iij  probtible  that  the  effect  will  be  proportional  to  the  load  L.  To  e^pmv 
thia  put 

(1^(1^4  mi......... (lOil). 

The  effect  of  the  temperature  on  a  h  owing  to  the  different  coefficienlsof 
expansion  of  bmas  and  iron.     Thusi^ — 

where  B'  and  S'  are  tht!  respective  coeffieieuLs  of  expansion  of  the  b«jwim{ 
and  journaL     These  for  bi*asa  and  iron  are  i — 

5^  =  ^00111 

S'  =  -0000061, 

therefore  putting  T—T^,^  Tm  (the  mean  rise  of  temperature  du©  Uk  feictio^ 

ar=a^h  -^  ^000005  -  Tm) 

^a,(l+ETm) ,,.,,.(110), 

putting  E  for  '000005  -  . 

(Iq 

If,  as  seems  general,  Gq  is  about  '0005  inch,  then  with  a  4-inch  journal 

^=  02  about (Ill), 

which  is  sufficiently  lai-ge  to  be  important. 

32.     The  Effect  of  Speed  on  the  Temperature. 
Putting — 

To  the  temperature  of  the  surroundings  and  bath, 

Ti  the  mean  temperature  of  the  oil  as  it  is  carried  out  of  the  film, 

T^the  mean  rise  in  temperature  of  the  film  due  to  friction, 

Q    the  volume  of  the  oil  carried  through  per  second, 
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D  the  density, 

iS    the  specific  heat, 

H  the  heat  generated, 

Hi  the  heat  lost  by  conduction, 

C  a  coefficient  of  conduction, 

taking   the   inch,  lb.,  and  degree  Fahr.,  as  units,  and  12/  as  mechanical 
equivalent  of  heat. 

jT_2RdfU 
^~    12J    ' 

H,  =  2R0G'T„, 

m   m  •"         -^Q 

'     '^  nsQ  ' 

Putting  H-H,  =  qT„,Q (112) 

where  5  is  a  constant  depending  on  the  relative  values  of  T— T©  and  Tm, 
also  on  how  far  the  metal  of  the  journal  assists  the  oil  in  carrying  out  heat. 

On  substituting  the  values  of  ^i,  H^^  Q,  it  appears 

Re     ■*■ 

5=12./C". 

There  does  not  appear  to  be  any  reason  to  assume  any  of  the  quantities 
in  the  denominator  to  be  functions  of  the  temperature  except  Ai.  By 
equation  (42) 

/ii  =  a  (1  +  c  sin  (0,  -  <^o)l. 

Ekjuation  (112  A)  may  thus  have  the  form 

^m  = ^ ^ (113), 

ii(i+£r^)  +  ^ 

where  il  =  3/i)^ao(l +mZ)  |1 +  csin(<^-^o)l (114). 

This  shows  that  -4  is  a  function  of  the  load,  increasing  as  the  first  power 
and  diminishing  as  the  second  power,  but  the  experiments  show  the  effects 
of  these  terms  are  small,  and  A  is  constant  except  for  extreme  loads. 
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33*     The  Formnlmfor  Tempertitnre  and  Friction,  and  ike  IntrrprMatim^f 

the  Gamtants. 


)} '"'' 


From  equation  (8),  8ectioa  IL, 

C  =  D221  (for  olive  oil) 

From  equations  (109)  and  (lit)) 

a  =  i(Jk  +  ml)[l^E(T-^T,)] ...(116), 

or  approximately  since  S{Ti-  To)  is  aiuall 

a  =  (a,  +  m0a*tr*3Vi ^,(U7). 

Whence  substituting  in  the  equation  which  resulte  from  (51)  c  being 

small 

/-^  P..,,. ..(118)1 

Putting  T^  for  any  particular  temperature,  /i^,  a^  eonr&B[)onding  valuer 

f^^J^:^^ne'iG^^^^^'^*K.. .,..{119> 

From  (113) 

/-4fr,,  +  AT\,]+|r«...... .(120). 

These  equations  (119)  and  (120)  are  independent,  and  therefore  furnish 
a  check  upon  each  other  when  the  constants  are  known. 

Thus  substituting  the  experimental  values  of  U  and  /  in  (120)  a  series 
of  values  of  Tm  are  obtained,  which  when  substituted  in  (119)  should  give 
the  same  value  of/. 

In  these  equations  the  meaning  of  the  constants  is  as  follows : — 

C  is  the  rate  at  which  viscosity  increases  with  temperature. 

E  is  the  rate  at  which  a  increases  with  temperature,  owing  to  the 
different  expansion  of  brass  and  iron. 

A  U  expresses  generally  the  mechanical  equivalent  of  the  heat  which 
is  carried  out  of  the  oil  film  by  the  motion  of  the  oil  and  journal 
for  each  degree  rise  of  temperature  in  the  film. 

B  expresses  the  mechanical  equivalent  of  the  heat  conducted  away 
through  the  brass  and  journal. 

The  respective  importance  of  these  two  coefficients  is  easily  apparent. 
When  the  velocities  are  low,  but  little  heat  will  be  carried  out,  and  hence 


i 
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the  temperature  of  the  journal  depends  solely  on  the  value  of  B,  But 
when  the  velocities  are  high,  B  becomes  insignificant  compared  with  AU^ 
and  it  is  A  alone  which  keeps  the  journal  cool. 

The  value  of  A  may  to  some  extent  be  inferred  firom  the  quantities 
which  enter  into  it  as  in  equation  (114).  Thus  in  the  case  of  Mr  Tower's 
experiment,  since 

J2  =  2  l^  =  1-37  a  =  00075  J  =  772 

D  =  0-033        iSf=  0-31  (for  olive  oil) 

A  =  '006Sq (121). 

It  is  very  difficult  to  form  an  estimate  of  q,  but  it  would  seem  probable 
that  it  has  a  value  not  far  from  2 ;  and,  as  will  be  subsequently  shown,  in 
the  case  of  Mr  Tower's  experiments,  q  is  about  3*5  or 

^=00223  (122). 

As  B  expresses  the  rate  at  which  the  heat  generated  in  the  oil  film  is 
carried  away,  by  conduction  through  the  oil  and  the  surrounding  metal,  any 
estimate  of  its  value  is  very  difficult.  If  we  could  measure  the  temperature 
at  the  surfaces  of  the  metal,  B  might  be  made  to  depend  only  on  the  thick- 
ness and  conductivity  of  the  oil  film.  But  before  heat  can  escape  from  the 
journal  or  bearing,  it  must  pass  along  intricate  metal  channels  formed  by 
the  journal  or  shaft  and  its  supports ;  and,  on  consideration,  it  appears  that 
in  ordinary  cases  the  resistance  of  such  channels  would  be  much  greater 
than  the  resistance  of  the  oil  film  itself  For  example,  in  the  case  of  a 
railway  axle,  the  heat  generated  must  escape  either  along  the  journal  to 
the  nearest  wheel,  or  through  the  brass  and  the  cast-iron  axle  box  to  the 
outside  surface,  so  that  either  way  it  must  traverse  at  least  three  or  four 
inches  of  iron.  This  is  about  the  best  arranged  class  of  journals  for  cooling. 
In  most  other  cases  heat  has  much  further  to  go  before  it  can  escape. 
However,  in  every  case  B  will  depend  on  the  surrounding  conditions,  and 
can  only  be  determined  by  experiment.  From  the  experiments,  to  be 
considered  in  the  next  section,  it  appears  that 

B^l  (about) (123). 

But  it  is  to  be  noticed  that  Mr  Tower  has  introduced  a  somewhat 
abnormal  condition  by  heating  the  oil  bath  above  the  surrounding  tem- 
perature. For  in  this  way,  letting  alone  the  heat  generated  by  friction, 
there  must  have  been  a  continual  flow  of  heat  from  the  bath  along  the 
journal  to  the  machinery;  and,  considering  the  comparatively  limited  surface 
of  the  journal  in  contact  with  the  hot  oil  and  the  large  area  of  section  of 
the  journal,  it  appears  unlikely  that  the  temperature  of  the  journal  was 
raised   by  the  bath  to  anything  like  the  full  temperature  of  the  latter. 
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a  conclusion  which  is  borne  uufc  by  Mr  Tower's  experiment?^  with  diff*^rml 
temperatures  in  the  bath  (Table  XII,,  page  291),  which  shows  that  the  tern- 
pemture  of  the  bath  proilueed  a  much  smaller  effect  on  the  friction  thati 
would  have  followed  from  the  known  vijscosity  of  oil  had  the  temperature  of 
the  oil  film  corresponded  with  the  temperature  of  the  bath. 

Thus  the  tempei'ature  of  the  film  independent  of  fiiction  is  not  the 
temperature  of  the  bath  or  surrounding  objects,  and  as  it  is  unknown  until 
determined  itom  the  experiments,  it  will  be  designateii  as 

and  tte  buASx  £t?  used  to  designate  the  particular  value  for  T—  Tj.  *>f  all  those 
quantities  which  depend  on  the  temperature  as 

If  r  be  the  mean  tempemture  of  the  film, 

T-T,^T,„ ,,. {123a) 

where  T^  is  the  rise  of  tempemture  due  to  the  film. 

33  a.     TliB  Maicimum  Load  the  Journal  mil  mtTt/  at  any  Speed. 

It  has  already  been  pointed  out  that  the  canying  power  of  thejonroal 
ie  at  ite  greatest  when  c  is  between  5  and  "6.  If,  therefore,  taking  the  load  1 
constant,  c  passes  through  a  niioimuin  value  hm  the  velocity  increases  with  a  ^ 
constant  load,  then  the  load  which  brings  c  to  a  constant  value  will  be  a 
maximum  for  some  particular  velocity,  and  if  the  particular  value  of  c  be 
that  at  which  the  carrying  power  is  greatest,  the  carrying  power  will  be 
greatest  at  that  particular  speed. 

The  question  whether,  according  to  the  theory,  journals  have  a  maximum 
carrying  power  at  any  particular  speed  turns  on  whether 

jjj  (c  being  constant) 

is  zero  for  any  value  of  U. 

This  admits  of  an  answer  if  the  values  for  /it,  a,  Tx,  and  equations  (119) 

L         f 
and  (120)  hold,  for  when  c  is  constant  -tt-tt,  7r/T'  ^^^  ^  ^'^  constant, 

whence  differentiating  and  substituting  it  appears  that  when  c  is  constant 
dU^U  .      B      (.„„     '      .      .„     ^.h) ...(123 B) 


1 


^  A  +  ^+i(nE  +  C)A+{E+C)^\T+AE(E+G)T^ 


I 
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rhere  IT  is  to  be  taken  positive,  and  T  increases  as  U  increases.     This  shows 

dL 

lat   ,^,  for  a  constant  value  of  c,  changes  sign  for  some  value  oi  U  ii  T 

>ntinues  to  increase  with  U, 

Hence,  according  to  the  theory,  the  values  of  i,  which  make  c  constant 
3  U  increases,  approach  a  maximum  value  as  U  increases,  and  since  this 
Etlue,  when  c  is  about  '5,  represents  the  carrying  power  of  the  journal,  this 
pproaches  a  maximum  as  U  increases. 


Section  IX. — Application  of  the  Equations  to  Mr  Tower's 

Experiments. 

34.     References  to  Mr  Tower's  Reports. 

From  the  experiments  described  in  Mr  Tower's  Reports  I.  and  II.,  in  the 
linutes  of  the  Institution  of  Mechanical  Engineers,  1884,  the  journal  had 
diameter  of  4  inches,  and  the  chord  of  the  arc  covered  by  the  brass  was 
1*92  inches,  the  length  of  the  brass  being  6  inches. 

The  loads  on  the  brass  in  lbs.,  divided  by  24,  are  called  the  nominal  load 
er  square  inch. 

The  moments  of  friction  in  inches  and  lbs.,  divided  by  24  x  R,  are  called 
be  nominal  friction  per  square  inch. 

These  nominal  loads,  and  nominal  frictions,  with  the  number  of  revolu- 
ions  from  100  to  450,  at  which  they  were  taken,  are  arranged  in  tables  for  each 
ind  of  oil  used,  and  also  for  the  same  oil  at  different  temperatures  of  the  bath. 

All  the  tables  relative  to  the  oil  bath  in  the  first  report  refer  to  the  same 
rass  and  journal.  And  with  this  brass,  to  be  here  called  No.  1,  no  definite 
leasurements  of  the  actual  pressure  were  made. 

The  second  report  contains  the  account  of  the  pressure  measurements, 
ut  it  is  to  be  noticed  that  these  were  made  with  a  new  brass,  here  called 
lo.  2,  and  that  the  only  friction  measurements  recorded  with  this  brass  are 
hree  made  at  velocities  five  times  less  than  the  smallest  velocity  used  in  the 
Ewe  of  brass  No.  1. 

It  thus  happens  that  while  by  the  application  of  the  foregoing  theory  to 
lie   friction   experiments   on   brass    No.  1   a   value  is  obtained  for  a,  the 
ifference  in  radii  of  brass  No.  1  and  the  journal ;  and  from  the  pressure 
xperiments  on  brass  No.  2  a  value  is  obtained  for  a  in  the  case  of  bra» 
lo.  2;  since  these  are  different  brasses  there  is  no  means  c"  the  o 

3timate  against  the  other. 

O.  R.    II. 


J 


The  fullnwing  iMm  oxtmekH:!  from  Mr  Tower's  reports  ^re  linns*'  U> 
which  refert'iicta  hns  chii?fly  t«  be  nuidi^ 

The  fimt  of  theso  extmct**  is  a  portion  of  Tabic  L  in  Mr  Towej*fi  fit?t 
report ;  thin  related  to  olive  oil,  birt  eoiTeHponds  very  closely  with  the  restily 
for  lard  oil  also,  although  not  quite  so  close  for  mineral  oil 

From  Table  L— <Mr  Tower's  1st  Re^Mvii,  Bvmn  No.  1.)  Bath  of  Olive  Oil 
Temperature,  1K>  deg.  Fahr,  4-in.  jcniruat,  6*iiL  long.  Chord  nf  arc  of  contact 
=  3  02  in. 


mi. 

Konuual  iHcUon  per  aquikt^  iooli  of  be&ring. 

•3   w        TJ=* 

31,^     ' 

100  rev. 

150  rev. 

200  rer. 

250  n?T. 

300  rMV. 

350  rev. 

400  rev. 

450  m. ' 

*g   T^T3-* 

105  ft. 

Ifi7  fL 

2011  ft. 

262  ft. 

3H  ft. 

360  fl. 

419  ft. 

471ft. 

o-.So^ 

peft  mm. 

per  min. 

per  turn. 

per  ann. 

per  inua. 

permin. 

per  mm. 

pernuD. 

5S0 

^416 

*520 

'624 

*675 

•7^ 

'779 

-883 

46*4 

'f^l4 

W? 

'654 

1      '701     , 

7&4 

■841 

•935 

415 

'498 

■580 

■622 

'700 

'787 

-870 

iido 

3G3 

'47£ 

^'jfiO 

610 

^689 

725 

im 

1*07 

310 

■454 

-620 

•588 

'65fJ 

"68<i 

•742 

-836 

258 

'361 

*4se 

riis 

59aS 

■644 

mm 

■747 

^im 

mb 

'3(JH 

■43 

■filS! 

■572 

*613 

*67S 

'736 

^18 

153 

':ifil 

'458 

535 

^011 

•672 

■718 

'764 

-871 

100 

30 

^45 

»555 

m 

m 

'77 

€2 

•80 

The  second  extract  is  Table  IX.  in  the  first  report ;  this  shows  the  efifect 
of  temperature  on  the  friction  of  the  journal  with  lard  oil. 

From  Mr  Towers  lat  Report,  Brass  No.  1. 

Table  IX. — Bath  of  Lard  Oil.      Variation  of  Friction  with  Temperature. 
Nominal  Load  100  lbs.  per  square  inch. 


Nominal  friction  per  square  inch  of  bearing. 

Temperature. 
Fahr. 

1 

100  rev. 

160  rev. 

200  rev. 

250  rev. 

300  rev.  '  360  rev. 

400  rev. 

450  rev. 

120 

per  mm. 
•24 

per  min. 

per  mm. 

per  nun. 

per  mm.    per  mm. 

per  mm. 

per  mm. 

1 

•29 

•35 

•40 

•44             -47 

•51 

•54 

110 

•26 

•32 

•39 

•44 

■50             -55 

•59 

•64 

100 

•29 

•37 

•45 

•51 

•58              65 

•71 

•77 

90 

•34 

•43 

•52 

•60 

•69             -77 

•85 

•93 

80 

•4 

•52 

•63 

•73 

•83              93 

1-02 

1-12     1 

70 

•48 

•65 

•8 

•92 

1^03      1     115 

1-24 

133     1 

60 

•59 

•84 

103 

1-19 

1-30           1-4 

1-48 

1-56 
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The  third  extract  is  from  the  second  report,  being  Table  XII.,  represent- 
ing the  oil  pressure  at  different  parts  of  the  bearing  as  measured  with  brass 
No.  2. 


From  Mr  Towers  Second  Report,  Brass  No.  2.  Heavy  Mineral  Oil. 
Nominal  Load  333  lbs.  per  square  inch.  Number  of  revolutions  150  per 
minute.     Temperature,  90°. 

Table  XII. — Oil  pressure  at  different  points  of  a  bearing. 

Longitudinal  planes on 

Pressure  per  square  inch lb. 

Transverse  plane,  middle 370 

Transverse  plane,  No.  1   355 

Transverse  plane,  No.  2  310 

The  points  at  which  the  pressure  was  measured  were  at  the  intersections 
of  six  planes,  three  parallel  vertical  longitudinal  planes  parallel  to  the  axis  of 
the  journal,  one  through  the  axis,  and  the  other  two,  one  on  the  on  and  the 
other  on  the  off  side,  both  of  them  at  a  distance  of  '975  inch  from  that 
through  the  axis,  three  transverse  planes,  one  in  the  middle  of  the  journal, 
the  other  two  respectively  at  a  distance  of  one  and  two  inches  on  the  same 
side  of  that  through  the  middle. 

In  referring  to  these  experimental  results  in  the  subsequent  articles. 

The  nominal  load  per  square  inch  is  expressed  by  Z' ; 

The  number  of  revolutions  per  minute  by  N' ; 

The  nominal  friction  by/'; 


centre 

off 

lb. 

lb. 

625 

500 

615 

485 

565 

itiO 

The  effect  of  the  fall  of  pressure  at  the  ends  of  the  journal  on  the 
mean  pressure  is  expressed  by  -  ,  thus — 

»  is  a  coefficient  depending  on  the  way  in  which  the  journal  fits  the  shaft. 

(124). 


L'  = 

L 
4a 

/'  = 

nM 

4/e 

N'  =  - 

i7x60 
2'irR 

1-21    1 


19—2 


The  Effect  i^f  Nttkimj  the  JuurmtL 

The  expro.ssion  (1*24)  for  /'  assumes  that  the  jnumnl  wnj<  not  ni*cked  ioUi 
^      iho  .shaft.,     Frmij  Mr  Tuwer'n  reports  it  does  inU.  Hppuar  wli ether  or  luA  tk 
bniKs  was  tittetl  itato  a  neck  on  the  shaft;  but  mnm  there  is  no  mentian  af 
I  such  necking,  the  theory  is  applied  ou  tlie  supposition  that  there  was  not 

If  there  were,  the  friction  at  the  ends  of  the  brass  would  inerea^  the 
fuoineiit  of  friction.  Put  h  for  the  depth  of  the  nock  and  a  for  the  thicknt^ 
of  the  oil  film  at  the  ends,  then  the  moment  of  re8t»t»ince  of  these  ends  would 
be— 

Hence  if  M  be  the  inornent  of  friction  of  the  cylindrical  portion  of  tke 
junrna!  only 

^v-^frJ^i''^)'-"" <'»» 

And  from  aquation  (97) — 

-W^^  "•'"*) 


■^     mo  a 


For  example,  a  5 -inch  shaft  necked  down  to  a  4-inch  journal  would  gm 
b  =  'o  inch.     Whence,  assuming 


and 


a  =  0005 
a 


.(127), 


the  relative  friction  of  the  ends  to  that  of  the  journal  would  be  11*36  to 
31  00,  or  28  per  cent,  of  the  friction ;  and  the  values  of  a,  calculated  on  the 
assumption  of  no  necking,  would  have  to  be  increased  in  the  ratio  w  =  r33. 

Even  if  there  is  no  necking  the  value  of  a  will  probably  not  be  the  same 
all  along  the  journal,  in  which  case  the  values  of  a*  and  a  in  Ki  and  if,  will  be 
means,  and  then  the  square  of  the  mean  will  be  less  than  the  mean  of 
the  squares,  so  that  n  will  probably  have  a  value  greater  than  unity,  although 
there  may  be  no  necking  of  the  shaft. 


36.     A  first  Apjyi^oximation  to  the  Difference  in  the  Radii  of  the 
Journal  and  Brass  No,  1. 

The  recorded  temperature  in  Mr  Tower's  Table  I.  is  90°  Fahr.    Accepting 
this,  and  taking  the  value  of  /x,  equation  (8),  Section  II., 

fjL^^lO-^x  6-81 (128). 
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By  equation  (97) — 


n/i        —  nM 
IT  ~ 275R'U 


Since 


i2  =  2  and  U=- 


47rJV 
60    • 


n^__-72/' 
a~       U 

=  3-46-^ 


Whence  substituting  from  equation  (128)  for  /»«, 

-  =  10^x1-97^ 

and  from  the  tabular  Nos.  for  L'  =  100. 


■  =  10""^  X  5'5  (inch) 


.(129). 


.(130). 


.(131), 


.(132). 


iV  =  480,    /'  =  -89  [    

-  =  10-^x  10  (inch)  ) 

These  are  the  extreme  cases;   for  intermediate  velocities  intermediate 

values  of  -  are  found, 
n 


In  order  to  be  sure  that  these  are  the  values  of  - ,  which  result  from  the 

n 

application  of  the  equations,  it  is  necessary  (since  the  approximate  equations 
only  have  been  used)  to  see  that  the  squares  of  c  may  be  neglected. 

Substituting  from  equation  (124)  in  (96) 


fR 


.(133). 


c  =  ^SSna 

which  for  Z'=  100,  N=^  100,  gives 

c  =  0337^* 
and  for  £'=100,  i\r  =  450, 

c  =  065/1' 

So  that  the  approximations  hold,  and,  as  already  stated  in  Art.  30,  this 
considerable  increase  in  the  value  of  a  with  the  load  constant  suggests  that 
the  temperature  of  the  film  was  not  really  90*".     And  as  this  point  has  been 
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coriHidcreci  in  tho  \mt  Rection^  the  equations  of  that  seeiion  may  boAione^ 
Ufltfd  to  deterniitit^  the  lnw  of  this*  tcnnpemturt*,  aftAr  which  tha  valueftrf- 
tnfky  bu  determined  with  precision* 

37.     The  Rise  in  Teinim'tttitre  o/tlw  Film  onnng  to  FHctmiu 

In  order  to  detemiiufi  the  values  ^f  E,  A^  and  B  in  fquationu  (M9)iinrl 
(120),  by  substituting  in  these  equations  corresponding  valuos  of  JV^  uml/ 
fr>r  i'=100,  thf  tabidar  values  of/'  wero  somewhat  nx^tified  hy  pU*ttinf( 
and  drawing  the  curve  N^  f\  These  corrected  valuer  are  in  the  ^?fi>nd  n>w, 
Table  III, 

From  these  values^  and  the  corresponding  valuer  of  JV,  it  was  then  fiiiurf 
by  trial  that  the  equations  (119)  and  (120)  re^|K?ctively 


/= 


/^ 


i\m 


((  =  •0221. 
are  approxltualel^'  saUHfiuil  for  values  of  T—Ta  =  T^,  if 

^  ^  -01345 

o,  +  m  x400         n 

^  =  •022308] 

£=■0222     ! (135). 

£  =  •95914  J 

Table  III.— Bise  of  Temperature  Id  the  Film  of  Oil  caused  by  Friction. 
calculated  by  E(iuatioii  (120)  from  Experiraents  with  a  Nominal  Load 
100  lbs.  (hoc  Tabic  I.,  Tower,  p.  290). 


Nominal  friction  per  square  inch,  as  calculated  by  equation  (119)  from  the  rise  of  temperature. 

N 

Revolutions  per  minute  .     . 

100 

150 

200 

250 

300 

350 

400 

450 

load  per 
}  inch 
X)lb8. 

r 

Nominal  friction 
per  square  inch 
for  olive  oil 

[Table    I., 
Tower    . 

Corrected 
to  a  curve 

•36 
•33 

•45 
•55 

•54 
•65 

•63 
•63 

•69 
•706 

•77 
•768 

•82 
•83 

•89 
•89 

13^ 

T-Tq 

Rise  of  temperature  by  equa- 

•s &^" 

Fahr. 

tion  (120)    

Nominal  friction  per  square 

346 

6-83 

813 

10-02 

11^77 

1326 

14-48 

15-r/ 

i^^ 

55 

/'i 

inch  calculated  by  equation 

(119)  assuming  c  small .     . 

•336 

•453 

•546 

•628 

•697 

•76 

•823 

•89 
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Which  seemed  to  agree  very  well  with  the  reasoning  in  Section  VIII. 
With  these  values  of  the  constants  the  values  of  T—T^  were  then  calculated 
from  equation  (120),  and  are  given  in  the  third  row  in  Table  III.  These 
temperatures  were  then  substituted  in  equation  (119),  and  the  corresponding 
values  of/'  calculated,  these  are  given  in  the  fourth  row,  Table  III. 

The  agreement  between  these  calculated  values  of/'  and  the  experi- 
mental values  is  very  close;  and  it  may  be  noticed  that  a  very  small 
variation  in  any  oi  A,B  and  E  makes  a  comparatively  large  difference  in 
some  one  or  other  of  the  calculated  values  of/',  or,  in  other  words,  these 
are  the  only  positive  values  of  these  quantities  which  satisfy  the  equations. 

The  only  difference  between  the  experimental  and  calculated  values  of  / 
which  is  not  explainable  as  experimental  error,  is  for  the  lowest  speed  at 
which  the  experimental  value  of  /'  Ls  0*7  per  cent,  too  large.  This  is 
import-ant  as  it  is  in  accordance  with  what  might  be  the  result  of  neglecting 
c*,  since  at  that  speed  c  is  becoming  too  large  to  be  neglected,  and  taking 
c*  into  account  the  calculated  value  of  /  agrees  very  closely  with  the 
experimental. 

38.     The  Actual  Temperature  of  the  Film. 

Having  found  the  approximate  values  of  Tm,  the  rise  of  temperature, 
owing  to  friction,  it  remains  to  find  T^y  the  temperature  of  the  film,  the  rise 
due  to  friction,  so  that 

Tx-\'  Tm  =  temperature  of  film. 

This  is  found  from  Mr  Tower's  Table  IX.  (see  p.  290). 

Putting  Tg  for  temperature  of  the  bath, 

To  for  temperature  of  surrounding  objects, 

and  assuming 

r,  +  Tm  =  ^(rB-7'o)  +  rm+n (i36). 

From  equations  (119)  and  (130) 


-^       3-46  '  tto  +  viL 


whence 


log/' =  -  0443  {Z(r,  -  To)  +  r,„}  log  e  4- log  (-3^^.  ^^^^^ 

In  Table  IX.  (Tower)  the  values  of  /'  are  given  for  the  same  values  of 
N'  and  L'  corresponding  to  different  values  of  Tj,. 

Substituting  corresponding  values  of/'  and  T^  in  equation  (137),  and 
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.^tibtmeting  iho  ri'Hultirig  i«<|aatiiins,  we  have  ad  eqoalion  in  which  the  o]il| 
iniknoiVD  quaottiiai  lut^  Z  imd  the  diflferences  of  7*^. 

Tb^  valueii  of/'  heiDg  known^  the  valaos  of  T^  are  obtained  from  eqiiati<ffi£ 
(120),  (134).  and  (135).  aod  ^ubslitltting  tliese.  the  eqiiatiop^  resultuig  fiuui 
(137)  give  the  vabies  of  2,     Thus  from  Tftble  IX.  (Tower) 

/;-  100 
?;=70        /=*48         r«  =  4"8. 

Therefore  Z^:iB  ,,.... .,,„.... ,.,(138). 

FnMii  this  value  of  Z  the  values  of  y"'  corres|M>iiditig  to  those  in  Tower's 
Tablo  IX.  tiave  bei^u  calculated  and  agree  well  with  the  i^x  peri  mental  valuer. 

The  smallest  temperature  of  the  oil  bath  recorded  in  Tower  s  Table  O, 
is  00  Fahr.,  therefore  it  is  assumed  that  this  waw  the  normal  temperature, 
whence 

?;=  35(^^-60)+ GO,,. ..,....,, (im 

Hence  it  is  concluded  that  the  actual  temperature  of  the  oil  film  in  all 
the  experiments  with  the  bath,  at  a  temperature  of  90°  Fahr.,  is  given  by 

r=70-5  +  T,n (140). 

By  the  formula  for  fi  since  T^  =  70'5 

/Aa;=  000047376 -^^^ixTo  5 

=  000009974 

=  00001  (approximately) (141), 

and  since,  by  equation  (134),  when  Z'=  100 

""^      01345 
=  •0007413n 

=  00074^1  (approximately)   (142). 

This  is  the  value  of  a^  with  a  load  of  100  lbs.  per  square  inch. 
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39.     The  Variation  of  a  with  the  Load, 

All  Mr  Towers  experiments,  when  the  loads  are  moderate  and  the 
elocities  high,  show  a  diminution  of  resistance  with  an  increased  load. 

Since  c  increases  with  the  load  and  the  friction  increases  as  c  increases, 

and  /Li  being  constant,  the  diminution  of  friction  with  increased  loads  shows 

ither  that  the  load  increases  the  temperature  of  the  film  and  so  diminishes 

he  viscosity,  or  increases  the  radius  of  curvature  of  the  brass  as  compared 

dth  that  of  the  journal,  i.e.,  increases  a. 

These  effects  have  been  investigated  by  substituting  the  experimental 
alues  of/'  and  L\  obtained  with  the  same  velocity  in  equations  (119)  and 
120). 

In  this  way,  from  equation  (119)  the  value  of  m  is  determined,  where, 
rem  equations  (117)  and  (135), 

ax  =  (Oo  +  mL')ne0222(r.-n) (143). 

Lnd  the  equation  (120)  gives  the  eflfects  of  the  load  on  the  value  of  the 
onstant  A.  After  trial,  however,  it  appears  that  the  effects  of  the  load 
pen  the  constant  A  are  small  so  long  as  the  loads  are  moderate,  and  that 
he  diminution  of  the  resistance  with  the  increased  load  is  explained  by  the 
alue  obtained  for  m  from  equation  (119).  From  this  equation,  taking 
///'*,  ia'/'',  simultaneous  values  of  L  and/',  and  assuming  Tx  independent 
f  the  load, 

ag  +  mZ/    /'' 

a^-VmirP ^^*^- 

rhich  gives  the  value  of  m. 

The  slight  irregularities  in  the  experiments  aflfect  the  values  of  m  thus 
9und  to  a  considerable  extent,  and  a  mean  has  been  taken,  which  is 

m=  00200 (145). 

Cutting  r,=  70-5,  ^0=60,  (t,=  00074,  when  £'=100,  from  equation  (143) 

ao  +  wZ;'  = -0005861/1. 

Therefore  ao=  0004885/1 (146). 

The  value  for  a  thus  obtained  is  therefore 

a  = -0004885/1(1  + -002/.') e««<^'+''-''o>    (147), 

nd  for  the  experiments  with  the  bath  at  90°  Fahr. 

a  =  -0004885/1  (1  +  •002Z')  e-^<'^+»»») 
r  a=  0006161/1(1  H--002Z')e'««^- (148). 
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*Vom  rqoiitioii  (148)  nnd  th«!  valiic«  of  f.,  Table  III^  th«  nlum  of 


Mr  TowefB  axp&timM^  have  been  catcuIaM. 

Putting  ^  ^ -0000 1 ir^'^- ,,,, .,.(149V 

sud,  MubntittiUii^  in  equations  (47)  fruDi  (148)  and  (14(1), 
_  if  _  *>«5^iV^i-'~n.  I 

^.      0034iYe'^''* 


(1  +  W2£')« 


/r. 


-U^«>J. 


^  -  00005 1 S9  (I  +  002£')  ir^''- 

for  the  circtiniBUuit?!^  c*f  Mr  Towers  experiments^  to  which  the  mpi 
Sections  VL  and  VII  fchefi  become  applicable. 

40,     Appiieaium  </  ihe  EifH4ttmR8  to  the  (Sn'uutsiancm  of  Mr  rtwwri 
E^iwriments  vn  Bnmif  No.  Ugimn  in  Tabk  /.,  \h  2H0,  tu  determim  €,  ^, 

f  amlp-p^. 

The  circu instances  are,  tin  unk  of  length  bmnff  (Jw  welt, 

R^2  (inches) 
^=r8^3r20" 

^  =  0004885,  already  deduced  equation  (I4fi) 

L  =  4S41i'i 

Tq  =  60,  £\ssuined 
r^^70^5,  equation  (140) 
T„  =  tabular  valueSi  Table  IlL,  the  increase  with  load  being  iiegleet<^ 

(151). 

For  a  first  Approximation  as  long  as  c  is  small. 

Equations  (89),  (91),  (94),  and  (95)  are  used  to  determine  c,  ^o,  ^»/i'  for 
the  experiments  in  Table  I.  (Tower),  these  being  made  with  brass  No.  1. 


Putting  as  in  equation  (124) 


/'  = 


nM 
2iP' 
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equation  (94)  gives 


and  by  equation  (150) 


//=  004658  J  ^^-^r 


.(152). 


From  equation  (152)  the  values  of/'  to  a  first  approximation  have  been 
calculated,  using  the  values  of  T^  given  in  Table  III.  These  are  given  as/,' 
in  Table  IV. 

Table  IV.— Olive  Oil,  Brass  No.  1. 


Length  of  the  journal 

Chord  of  the  arc  of  contact  of  the  brass  ... 

Radius  of  the  journal 

Temperature  of  the  oil  bath 

„  surrounding  objects 

Difference  in  radii  of  brass  and  journal  at  60° 


...6  inches 
...3-92  inches. 
...2  inches. 
...90°Fahr. 
...60°Fahr.  (assumed). 
...00006  inch  (deduced). 


Effect  of  necking  or  variations  in  radius  to  increase  friction  ...1*25. 

V    the  nominal  load  in  lbs.  per  square  inch,  being  the  total  load  divided  by  24. 

N     the  number  of  revolutions  per  minute. 

/'     the  nominal  friction  in  lbs.  per  square  inch  from  Table  I.  in  Mr  Tower's  first  Report 

(see  Art.  34,  p.  290). 
(//)   the    nominal    friction    calculated    by    complete    approximation    for    c  =  5   (see  Art.  40, 

equation  (159)). 
/,'    the  nominal  friction  calculated  to  a  second  approximation,  equation  (154). 
//     the  nominal  friction  calculated  to  a  first  approximation,  equation  (152). 
e     the  ratio  of  the  distance  between  the  centres  of  the  brass  and  journal  to  the  difference 

in  the  radii,  equation  (153). 
a     the  difference  in  the  radii  of  the  brass  and  journal  (see  equation  (157)). 
^    the  angular  distance  from  the  middle  of  the  arc  of  contact  of  the  point  of  maximum 

pressure,  equation  (91). 

^-n  the  angular  distance  from  the  middle  of  the  arc  of  contact  of  the  point  of  nearest 
approach  (see  equation  (S9)). 
T^     the  rise  in  temperature  of  the  film  of  oil  owing  to  the  friction,  equation  (120). 
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As  compared  with  the  experimental  values/'  given  in  the  Table  IV.,  it  is 
seen  that  the  agreement  holds  as  long  as  c  is  less  than  '06,  after  which,  as  c 
increases,  the  values  of//  become  too  small,  or  while  the  values  of//  continue 
to  diminish  as  the  load  and  a  increase,  the  experimental  values  of/'  after 
diminishing  till  c  is  about  *!  or  '15  begin  to  increase  again.  In  order  to  see 
how  far  this  law  of  variation  was  explained  by  the  theory,  it  was  necessary  to 
find  /'  the  values  of  /'  to  a  second  approximation,  and  before  this  to  obtain 
the  values  of  c. 

Putting,  as  in  equation  (124), 

Z  =  484i', 

equation  (94)  gives 

c=-2059-^; 


and  by  equation  (150) 
c 

Elquation  (158)  gives  the  values  of 


c=  03116  (1+1002^7^'^  «'"*^''-   (1-^3). 


c 


To  obtain  the  value  of  n  from  Hie  experiments y  these  values  of  —  are 

substituted  in  the  equation  for  /',  retaining  the  squares  of  c,  which  obtained 
from  equations  (85)  and  (89),  is 

//=//(!  + 5c*) (154), 

/J 
whence,  substituting  the  values  of-  obtained  from  (153)  we  have 


/.'=/.'  + 5  (^,)'«V.'. 


Therefore,  choosing  any  experimental  values  of  /',  and  subtracting  the  corre- 
sponding value  of//  in  Table  IV.,  n  is  given  by — 

"'-•^7^ (IM). 

In  this  experiment  irregularities  become  important,  and  it  has  been 
necessary  to  calculate  several  values  of  n  in  this  way  and  take  the  mean, 
which  is 

n  =  l-25 (156). 

It  has  been  shown  (Art.  35,  p.  292)  that  necking  might  account  for  a 


i 
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valuo  of  n  m  grtmfc  as  I'M,  while  if  then:?  wen?  no  neclciiig  n  would  ^till  hate 
E  vahie  in  consequence  of  variations  of  a  along  tht>  journal. 

Substituting  this  value  of  n  in  equations  (H8)  and  (153), 

a  =  00077  ( 1  +  002  i')  e  ^^- 

£'  L...,.., ...(157), 

c  ^  ^0487(1  +  002/:')' j^e'-*^-f 


4. 


/ 


I 


from  which  equation  the  values  of  a  and  c  have  been  calculated  for  Table  IV. 
all  values  of  X'  less  than  415  lbs.  Those  are  all  Mr  Tow«*r  i^  expenmcnti 
I  olive  oil,  except  those  of  \vhicli  Mr  Tower  has  expre^ed  himself  doubtfd 

as  to  the  results. 

The  values  of  u  m  given  hy  equation  ^Qi)  are  only  a  first  approximati(»Q, 

anil  are  too  large,  but  the  error  is  not      rge,  even  when  €=5  only  amount- 
ing to  H  piT  ceiit.,  as  is  shown  by  oc^rnpan  ig  equation  (104)  with  (95), 

With  these  valueis  of  c  in  the  equation  (154)  the  valuer  of  ^'  have  been 
talcuiated  for  all  values  of  e  up  to  *250*  At  c=12  the»e  valuea  of  f^'  mt^ 
about  5  per  cent,  larger  than  the  ex  jn.*ri  mental  valutfH,  but  I  hey  have  been 
carried  io  c  =  *25  in  oriler  to  show  that  the  calculated  friction  ftjiluws  in  iti 
variations  the  idio»yncracies  of  the  experimental  frictions,  falling  with  tlie 
load  to  a  certain  minim  urn,  and  then  riding  again. 

These  values  of  yi'  carry  the  comparison  of  the  frietions  deduced  from  the 
theory  up  to  loads  of  205  lb?*,  for  n\\  Vi^fmMtii^H.  iu\<]  up  to  t\f,:^  tbs,  f^^r  th- 
highest  velocity.  To  carry  the  approximation  further,  use  has  been  made  of 
the  more  complete  integrations  of  the  equations  for  the  case  of 

These  are  given  by  equations  (104)  and  (105). 

As  already  stated,  comparing  (104)  with  (94)  it  appears  that  when  c  =  *5 
the  approximate  values  of  c  in  the  Table  IV.  are  about  8  per  cent,  too  large; 
that  is  to  say,  a  value  c  =  540  in  the  table  would  show  that  the  actual  value 
was  c  =  "o. 

Comparing  equation  (95),  from  which  the  values  fi  have  been  calculated, 
with  equation  (105),  it  appears  that  when  c  =  "5  the  values  of  f*  by  (105)  are 
given  by 

2%3773 
/        ^.37   /i- 

This  is  not,  however,  quite  satisfactory,  as  that  portion  of  the  friction 
which  is  due  to  necking  does  not  increase  with  the  load.  This  portion 
in/;  is 

n-l  ., 
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So  that  for  c  =  '5 

__  2-3773  4- 1-37  (n  ~  1)  . 


.(158). 


l-37n 
aDd  since  n  =  1*25,  this  gives  for  c  =  '5 

/'  =  1-585//. 

I^  therefore,  any  of  the  approximate  values  of  c  were  exactly  '540,  the 
complete  value  of/'  would  be  1*585  times  the  value  of//.  This  does  not 
happen,  the  nearest  approximate  values  of  c  being  '578,  '520,  '520,  '510. 
Multiplying  the  corresponding  values  of  //  by  1*585,  the  results  are  as 
follows : — 


Tabular. 
c 

Tabular. 
// 

1-506// 

Experimen- 
tal.    / 

Difference. 

•578 

•36 

•57 

•58 

•01 

•520 

•414 

•656 

•65 

-•005 

•520 

•314 

•498 

•472 

-•026 

•510 

•249 

•394 

It  thus  appeal's  that  the  approximation  is  very  close,  the  calculated 
values  for  the  first,  in  which  c  is  greater  than  540,  being  too  small,  and  ft»r 
the  rest,  in  which  c  was  smaller  than  '540,  too  large,  which  is  exactly  what 
was  to  be  expected. 

These  corrected  values  of  //  have  been  introduced  in  Table  IV.  in 
brackets.  As  they  occur  with  diCFerent  loads  and  different  velocities,  they 
afford  a  very  severe  test  of  the  correctness  of  the  conclusions  arrived  at 
as  to  the  variations  of  A  and  T  with  the  load  and  temperature,  also  as  to  the 
condition  expressed  by  n.  Had  the  values  of  c  and  /'  been  completely 
calculated  as  for  the  case  of  c  =  5,  there  would  have  been  close  agreement 
for  all  the  calculated  and  experimental  values  of/'. 

This  close  agreement  strongly  implies,  what  was  hardly  to  be  expected, 
namely,  that  the  surfaces,  in  altering  their  form  under  increasing  loads, 
preserve  their  circular  shape  so  exactly  that  the  thickness  of  the  oil  film  is 
everywhere  approximately 

a  (1  +  c  sin  {0  -  ^)). 

A  still  more  severe  test  of  this  is,  however,  furnished  by  the  pressure 
experiments  with  brass  No.  2  in  Mr  Tower  s  second  report. 
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41,     The  Vdocity  of  Maximmn  Carrying  Pmimr. 

The  limits  to  tho  carrying  powers  are  not  ver^^  cl^mrly  brought  out  b 
th^ae  recordod  i3xporiment«  of  Mr  Tower»  lus  indeed  it  was  impossilile  they 
mhould  be,  i^  each  time  the  liiuil.  is  reuehed  the  bra^  and  jmirnal  re?qtiin? 
refitting.  But  it  appcai^s  from  Table  L  and  all  the  similar  tables  mth  ih« 
oil  bath  in  Mr  Tower's  rp|M>rta,  that  the  limit  waa  not  reached  in  aoy  caae  m 
which  the  load  and  velocity  were  such  as  to  make  c  less  than  *5,  In  mauv 
€asa8  they  were  such  m  ttj  make  c  eouMiderably  greater  tluin  this,  but  iij  such 
mB&B  there  seom^  to  have  been  iK?easional  neisiijig.  There  secnis,  however,  to 
hava  been  one  exception  to  this  caae,  ^n  which  the  journal  was  run  at 
20  revolutions  per  minute  with  a  nominal  lotid  of  443  lbs.  per  5«r|uare  inch 
with  brass  No.  2  without  mizh  b  case  c,  as  detenu  in  ed  either  by 

the  friction  or  load,  becomea  nef..*^  '9. 

It  doea  not  appear  that  any  case  k  lentionod  of  seisung  having  occurred 
at  high  Hpeeds,  so  that  the  exiieriuientfl  show  im  evidence  of  a  nnixiinum 
carrying  power  at  a  pai^ticular  velocity. 

This  is  so  far  in  acconiaoce  with  the  conclusiom*  of  Art  {3*^i),  for,  substi- 
tuting the  values  of  ABCK,  as  determined  Art.  (H7X  it  appears  by  equatio^n 
(123  b)  that  the  maximum  would  not  be  reached  until  7'^,  the  rise  of  tem- 
]>ei-ature  due  to  friction,  reitiched  72"  Fahr..  which,  seeing  that  at  a  velocity 
of  4*70  revobitionB  T,^  in  less  than  \7\  implies  that  the  maximum  carrjiiig 
power  would  not  be  reached  until  the  speed  was  1500  or  2000  revolutions; 

J  T 

notwithstanding  that  -tj-j  (c  constant)  is  very  small  at  450  revolutions. 

This  is  with  the  rise  of  temperature  due  to  legitimate  friction  with 
perfect  lubrication.  But  if,  owing  to  inequalities  of  the  surfaces,  there  is 
excessive  friction  without  corresponding  carrying  power,  i.e.,  if  n,  the  effect  of 
necking,  is  as  large  as  3  or  4,  which  it  is  with  new  brasses,  then  the  maxi- 
mum carrying  power  might  be  reached  at  comparatively  small  velocities; 
thus  suppose  r=  18  when  iV=  100,  U=2l,  equation  (123  B)  gives 

dU     ^' 

or  the  maximum  carrying  power  would  be  reached ;  all  which  seems  to  be  in 
strict  accordance  with  experience,  particularly  with  new  brasses. 

42.  Application  of  the  Equations  to  Mr  Towers  Experiments  with  Brass 
No,  2  to  determine  the  Oil  Pressure  round  the  Journal, 

The  approximate  equation  (74)  is  available  to  determine  the  pressure  at 
any  part  of  the  journal,  i.e.,  for  any  value  of  0  so  long  as  c  is  small,  but  these 
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approximations  fail  for  much  smaller  values  of  c  than  for  others ;  for  this 
reason,  together  with  the  fact  that  the  only  case  in  which  the  pressure  has 
been  measured  c  is  large,  the  pressures  have  only  been  calculated  for  c  =  '5, 
in  which  the  approximations  have  been  carried  to  the  extreme  extent. 

These  are  obtained  directly  from  equation  (107),  and  the  pressures  divided 
by  K^c  are  given  in  Table  II.,  Section  VI. 

The  results  of  Mr  Tower's  experiments  with  brass  No.  2  are  given  in 
Table  XII.,  Art.  34. 

Had  the  friction  been  recorded  in  the  experiments  in  which  Mr  Tower 
measured  the  pressures  with  brass  No.  2  as  with  brass  No.  1,  the  values  of  c 
might  have  been  obtained  as  in  the  case  of  brass  No.  1.  But  as  this  was 
not  done  the  value  of  c  for  these  experiments  with  brass  No.  2  could  only  be 
inferred  from  the  agreement  of  the  relative  oil  pressures  measured  in 
different  parts  of  the  journal,  those  calculated  for  the  same  parts  with  a 
particular  value  of  c.  This  was  a  matter  of  trial,  and  as  it  was  found  that  the 
agreement  was  very  close  when 

further  attempts  were  not  made. 

With  the  section  at  the  middle  of  the  brass  the  calculated  and  experi- 
mental results  are  shown  in  Table  V. 

Table  V. — Comparison  of  Relative  Pressures,  calculated  by  Equation 
(107)  when  c  =  '5,  with  the  Pressures  measured  by  Mr  Tower,  see  Table  XII., 
Art.  84,  Brass  No.  2. 


Thevajuesof*    '  ^1-^ at 
measured  from      ♦urt!!!ilr    V 
»,;.i^i»  ^t  o^«  «♦      *"®  middle  of 

were^^eaBured        ^ablem. 

P'Po 

caloalated. 
Table  II. 

Relative 

values, 

experimental 

Relative 

values, 

calculated 

-K^c 

e        »        n 

-20  20  20 

0    0    0 

29  20  20 

500 
625 
370 

•7923 

10150 

•6609 

•800 

1-000 

•592 

•781 

1-000 

•651 

639 
615 
560 

This  agreement,  although  not  exact,  is.  considering  the  nature  of  the 
test,  very  close.  The  divergence  seems  to  show  that  in  the  experiments 
c  was  somewhat  more  than  '5,  but  it  is  doubtful  if  the  agreement  would  have 
been  exact,  as,  owing  to  the  journal  having  been  run  in  one  direction  only,  it 
seems  probable  that  the  radius  of  the  brass  was  probably  slightly  greatest  on 
the  on  side. 


o.  B.  n. 
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DL-clucini,'  the  value  of  K^c  by  dividkig  the  cxji^rirni^tital  preeeupe  by  the 

cnkmhiUxi  valuei*  of  ^  "^''*  the  valiutM  given  in   the  last  eohimn  are  kmd 

An  altomtiim  in  the  value  of  c  would  but  slightly  have  Altered  the  middk 

value  of  ^-7^  in  iha  same  direction  as  the  alteration  of  e ;  hence  takiDg 
Ac 

this  value,  and  making  c  =  *5^0,  ws  being  nearer  the  real  valua, 

K,c=-  640.,,,, ..,•. ,. 

In  these  experiments  JV^  150, 

i/^mz „.„.... .,..•.•. 

From  ecjuation  (104)         /^  =  -  2%>504  x  Ax, 


.(1591 


.(160> 


.(ItJIJ. 


therefore 

To  find  fx 
by  equation  (150) 


s  — 


66'08e-«*«^" 


.^V, 


.(162). 


whence  a^'  = '000001 088e-<>«««^-    (163) 

and  taking  T^  the  same  as  with  brass  No.  1,  and  olive  oil  at  iV=180, 
i.e.,  5-83°  Fahr.,  with  brass  No.  2,  at  705°  Fahr. 

aa;=  00086  \ 


instead  of  with  brass  No.  1 


an  =  -00077. 


.(164). 


The  difference  in  the  radii  of  curvature  of  the  two  brasses,  the  one 
deduced  from  the  measured  friction,  the  other  deduced  from  the  measured 
differences  of  pressure  at  different  positions  round  the  journal,  come  out 
equal  within  iTj^^r^yth  part  of  an  inch,  and  the  values  of  a  differing  only  by 
11  per  cent.  Had  the  frictions  been  given  with  brass  No.  2,  this  agreement 
would  have  afforded  an  independent  comparison  of  the  values  of  a.  As  it 
is,  the  only  probability  of  equality  in  these  two  brasses  arises  fVom  the 
probability  of  their  having  been  bedded  in  the  same  way. 

In  deducing  the  value  a  for  brass  No.  2,  it  has  been  assumed  that  the 
oil,  which  was  mineml,  had  the  same  law  of  viscosity  as  the  olive  oil.  Both 
these  oils  were  used  with  brass  No.  1,  and  the  results  are  nearly  the  same, 
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the  mean  resistances,  as  given  by  Mr  Tower,  are  as  0*623  to  0*654,  or  the 
viscosity  of  the  mineral  oil  being  0*95  that  for  olive  oil ;  had  this  been  taken 
into  account,  the  value  of  a^  for  brass  No.  2  would  have  been  still  nearer 
that  for  brass  No.  1,  being  -00084  as  against  00077. 

As  the  radii  of  the  two  brasses  seem  to  be  so  near,  and  as  the  resistance 
was  measured  for  brass  No.  1  under  circumstances  closely  resembling  those 
of  the  experiment  with  No.  2,  a  further  test  of  the  exactness  of  the  theory 
is  furnished  by  comparing  the  calculated  friction  with  brass  No.  2  with  that 
measured  with  brass  No.  1,  with  the  same  oil,  the  same  speed,  and  nearly 
the  same  load. 

As  in  equation  (158) 

-/'  =  2-3773if,  +  l-37(w-l)if2 (165) 

a 

Whence,  taking  account  of  the  values  of  ^  for  mineral  and  olive  oils,  and 
the  values  of  a  for  brass  No.  1  and  No.  2  for  mineral  oil  and  brass  No.  2, 
Ki  has  0*871  of  the  value  in  equation  (150) 

__  -871  X  mUe-'^^^- 
~^»=       (l+002LOn       ^ ^^^^>' 

which,  when  7=5-83",  ^^=150,  i'  =  337,  n  =  l-25,  being  substituted  iu  the 
equations 

ira  = -01665 

/'  =  4  46 (167). 

In  Mr  Towers  Table  IV.,  it  appears  that  with  brass  No.  1,  mineral  oil, 

iV=150         i'  =  3lO        /'  =  4-4         Z'  =  415        /'  =  -5l. 

whence  interpolating  for 

i'=337 

/'  =  4-58  (168). 

This  agreement  is  very  close,  for  taking  account  of  the  difference  of 
radius,  the  calculated  friction  for  brass  No.  2  should  have  been  about  '95 
of  the  measured  friction  with  brass  No.  2. 

In  order  to  show  the  agreement  between  the  calculated  pressures  and 

those  of  Mr  Tower,  the  values  of    j^      for  c  =  '6  have  been  plotted,  and  are 

shown  in  Figs.  18  and  19  (page  280),  the  crosses  indicating  the  experiments 
with  brass  No.  2,  as  in  Table  VII.  (Tower). 

20—2 
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43.     OoncltmanB, 

The  ©xperimeDts  to  which  the  theory  has  been  definitely  applied  may  h 
taken  to  include  ail  Mr  Tower  «  experinieuta  with  the  4- inch  journal  and  ml 
bath,  in  which  the  number  of  revolutionst  per  minute  was  between  lOU  aoJ 
450,  and  the  nominal  loads  in  lbs.  per  sq.  inch  between  100  and  415,  Ihe 
other  experiments  with  the  oil  bath  were  with  loads  from  415,  till  the  journal  ■ 
seized  at  520»  573,  or  625 ;  and  a  set  of  experiments  with  bni&*  No.  2  at 
20  revolationfl  per  minute*  All  these  experiments  were  under  extreme 
conditions,  for  which,  by  the  theory ,  c  was  so  great  as  to  render  Inbricatiun 
incomplete,  and  preclude  the  application  of  the  theory  without  further 
integmtionj^. 

The  tlieory  hits,  therefore,  been  tt-^ted  by  experiments  throughout  ttie 
entire  range  of  circinns^tances  to  whieh  tln.^  particular  integrations  under- 
taken are  applicable.  And  the  results,  which  in  many  cases  check  oq« 
another,  are  consistent  throughout* 

The  agreement  of  the  experimental  results  with  the  jmilicular  of^uatiom 
obtained  on  the  assumption  that  the  braas,  aB  well  as  the  journal,  are  truly 
circular,  must  be  attributed  to  the  same  causes  as  the  great  regulaiiiv 
presented  by  the  experimental  results  themselves. 

Fundamental  amongst  these  cauH<*s  is,  as  Mr  Tower  has  pointed  out,  th? 
perfect  supply  of  lubricant  obtained  with  the  oil  bath.  But  scarcely  less 
important  must  have  been  the  truth  with  which  the  brasses  were  first 
fitted  to  the  journal,  the  smallness  of  the  subsequent  wear,  and  the  variety 
of  the  conditions  as  to  magnitude  of  load,  speed,  and  direction  of  motion. 

That  a  brass  in  continuous  use  should  preserve  a  circular  section  with  a 
constant  radius  requires  either  that  there  should  be  no  wear  at  all,  or  that 
the  wear  at  any  point  P  should  be  proportional  to  sin  (90°  —POH). 

Experience  shows  that  there  is  wear  in  ordinary  practice,  and  even  in 
Mr  Towers  experiments  there  seems  to  have  been  some  wear.  In  these 
experiments,  however,  there  is  every  reason  to  suppose  that  the  wear  would 
have  been  approximately  proportional  to  c  sin  (<^o  —  0)  =  c  sin  (90°  —  POH), 
because  this  represents  the  approach  of  the  brass  to  the  journal  within  the 
mean  distance  a,  for  all  points,  except  those  at  which  it  is  negative;  at 
these  there  would  be  no  wear.  So  long  then  as  the  journal  ran  in  one 
direction  only,  the  wear  would  tend  to  preserve  the  radius  and  true  circular 
form  of  that  portion  of  the  arc  from  C  to  F  (Fig.  17,  p.  266),  altering  the 
radius  at  F,  and  enlarging  it  from  F  to  D.  On  reversal,  however,  C  and 
F   change    sides,   and   hence  alternate   motion  in   both   directions  would 
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preserve  the  radius  constant  all  over  the  brass.  The  experience,  emphasized 
by  Mr  Tower,  that  the  journal  after  running  for  some  time  in  one  direction 
would  not  run  at  first  in  the  other,  strongly  bears  out  this  conclusion.  Hence 
it  follows  that  had  the  journal  been  continuously  run  in  one  direction,  the 
condition  of  lubrication,  as  shown  by  the  distribution  of  oil  pressure  round 
the  journal,  would  have  been  modified,  the  pressure  falling  between  0  and 
B  on  the  on  side  of  the  journal,  a  conclusion  which  is  borne  out  by  the  fact 
that  in  the  experiments  with  brass  No.  2,  which  was  run  for  some  time 
continuously  in  one  direction,  the  pressure  measured  on  the  on  side  is 
somewhat  below  that  calculated  on  the  assumption  of  circular  form,  although 
the  agreement  is  close  for  the  other  four  points  (see  Fig.  18,  page  280). 

When  the  surfaces  are  completely  separated  by  oil  it  is  difficult  to  see 
what  can  cause  wear.  But  there  is  generally  metallic  contact  at  starting, 
and  hence  abrasion,  which  will  introduce  metallic  particles  into  the  oil 
(blacken  it) ;  these  particles  will  be  more  or  less  carried  round  and  round, 
causing  wear  and  increasing  the  number  of  particles  and  the  viscosity  of 
the  oil.  Thus  the  rate  of  wear  would  depend  on  the  impurities  in  the  oil, 
the  values  of  c,  1/a  and  the  velocity  of  the  journal,  and  hence  would  render 
the  greatest  velocity  at  which  the  maximum  load  could  be  carried  with  a 
large  value  of  c  small.  A  conclusion  which  seems  to  be  confirmed  by 
Mr  Towers  experiments  at  twenty  revolutions  per  minute. 

In  cases  such  as  engine  bearings,  the  wear  causes  the  radius  of  curvature 
of  the  brass  continually  to  increase,  and  hence  a  and  c  must  continually 
increase  with  wear.  But  in  order  to  apply  the  theory  to  such  cases  the 
changes  in  the  direction  of  the  load  (or  Ui  and  Vi)  have  to  be  taken  into 
account. 

That  the  circumstances  of  Mr  Tower's  experiments  are  not  those  of 
ordinary  practice,  and  hence  that  the  particular  equations  deduced  in  order 
to  apply  the  theory  to  these  experiments  do  not  apply  to  ordinary  cases, 
does  not  show  that  the  general  theory,  as  given  in  equations  (15),  (18),  and 
(19)  could  not  be  applied  to  ordinary  cases  were  the  conditions  sufficiently 
known. 

These  experiments  of  Mr  Tower  have  afforded  the  means  of  verifying 
the  theory  for  a  particular  case,  and  hence  have  established  its  truth  as 
applicable  to  all  cases  for  which  the  integrations  can  be  effected. 

The  circumstances  expressed  by 

/^,  jj,    ^,  c,  ^0,  <f>i.  n,  m,  C,  A,  E,  B 
which  are  shown  by  the  theory  to  be  the  principal  circumstances  on  which 


310 


OP  LDIIUCATION,  ETC. 


[SS 


lubricatioii  depends,  although  not  the  anino  iti  other  cftse«,  will  still  be  the 
principal  circinnstaiices,  and  indicate!  the  conditioti&  to  be  fulfiUtid  in  orJer 
to  secure  goijd  lubrioatioiL 

The  verification  of  the  etjuatiotiH  for  viscous  fluids,  under  such  e&tretoe 
circumstiuict'S,  affords  a  sever©  tent  of  th©  truth  (Lod  coinpletene^  of  the 
i\s,sani|>tioiia  on  which  the«e  e<|Uations  were  fbuuded.  While  the  ra^ult  of 
the  whole  research  in  to  point  to  a  conclusion  (imjxjrtaot  in  Natural 
Philoaophy)  that  not  only  in  Ciiseg  of  intentional  lubrication,  but  wherever 
hard  surfaces  untlcr  pressure  slido  over  each  other  without  abrasion,  ther  aic 
separated  by  a  film  of  some  foreign  matter,  whether  poreeivable  or  not, 
And  that  the  question  as  to  whether  this  action  can  be  continuous  or  Dot» 
turns  on  whether  the  action  tends  to  preserve  the  matter  between  the 
surfaces  at  the  pc^nts  of  pressure,  as  in  the  apparently  unique  cjise  of  the 
revolving  journal,  or  tenib  to  sweep  it  to  one  f«ide,  as  is  the  result  of  all 
back  wards  and  forwards  rubbing  with  cotitinuous  prea«ure. 

The  fact  that  a  little  greaae  will  enable  almost  any  surfaces  to  slide  fori 
time,  hm  tended  doubtless  to  obscure  the  action  of  the  revolving  journiil  to 
maintain  the  oil  between  the  surfaces  at  the  |xjint  of  prevssure*  And  yet, 
although  only  now  understood,  it  is  this  action  that  has  alone  rendered  our 
machineH,  and  even  our  carriages  possible.  The  only  other  nelf-acting  systeiw 
of  lubrication  is  that  of  reciprocating  joints  with  alternate  pressure  on 
and  separation  (dmwing  the  oil  back  or  a  fresh  supply)  of  the  surfaees. 
This  plays  an  important  part  in  certain  machines,  as  in  the  steam -engine, 
and  is  as  fundamental  to  animal  mechanics  as  the  lubricating  action  of  the 
journal  is  to  mechanical  contrivances. 


53. 

ON   THE  FLOW   OF  GASES. 

[From  the  "  Philosophical  Magazine/*  March,  1886.] 

{Bead  before  the  "  Manchester  Literary  and  Philosophical  Society," 
November  17,  1885.) 

1.  Amongst  the  results  of  Mr  Wilde's  experiments  on  the  flow  of  gas, 
•ne..  to  which  attention  is  particularly  called,  is  that  when  gas  is  flowing  from 
,  discharging  vessel  through  an  orifice  into  a  receiving  vessel,  the  rate  at 
/hich  the  pressure  falls  in  the  discharging  vessel  is  independent  of  the 
pressure  in  the  receiving  vessel,  until  this  becomes  greater  than  about  five- 
enths  the  pressure  in  the  discharging  vessel.  This  fact  is  shown  in  Tables 
V.  and  V.  in  Mr  Wilde's  paper;  thus,  the  fall  of  pressure  from  135  lbs. 
9  atmospheres)  in  the  discharging  vessel  is  5  lbs.  in  7*5  seconds  for  pressures 
Q  the  receiving  vessel,  ranging  from  one  half-pound  to  nearly  5  or  6  atmo- 
pheres. 

With  smaller  pressures  in  the  discharging  vessel,  the  times  occupied  by 
he  pressure  in  falling  a  proportional  distance  are  nearly  the  same,  until  the 
►ressure  in  the  receiving  vessel  reaches  about  the  same  relative  height. 

What  the  exact  relation  between  the  two  pressures  is  when  the  change 
Q  rate  of  flow  occurs,  is  not  determined  in  these  experiments.  For  as  the 
hange  comes  on  slowly,  it  is  at  first  too  small  to  be  appreciable  in  such 
hort  intervals  as  7  5  and  8  seconds.  But  an  examination  of  Mr  Wilde's 
.''able  VI.  shows  that  it  lies  between  'o  and  '53. 

This  very  remarkable  fact,  to  which  Mr  Wilde  has  recalled  attention, 
xcited  considerable  interest  fifteen  or  twenty  years  ago.  Graham  does  not 
ppear  to  have  noticed  it,  although  on  reference  to  Graham's  experiments  it 
ppears  that  these  also  show  it  in  the  most  conclusive  manner  (see  Table  IV., 
^hil.   Trans,  1840,  VoL   IV.  pp.  573—632;  also  Reprint,  p.  106).     These 
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experiments  also  show  that  the  change  comes  dd  when  the  mtio  of 
preBsures  in  betwaeii  '48* J  and  "Sell. 

R.  D.  Napier  a]>[>Bara  to  have  been  the  first  to  make  the  dbcove^*.  }h 
found,  bj  his  own  experiment  on  steam,  that  the  change  came  on  when  tht- 
ratio  of  pressures  fell  to  '5  (see  £nc^.  BnL  Vol.  XI L  p,  481).  Eemicr» 
Fliegner,  and  Him  have  also  investigated  the  subject 

At  the  time  when  (imhani  wrote,  a  theor)'  i>f  giiseons  niotiou  did  ml 
exist.     But  aftei   the  discovery  of  the  mechatiiciil  t:<jnivaltiit  of  heat  aad 
therniodynaniics,  a  theory   became   posssible,  and  was  given  with  apparent 
mathematical  completeness  in    I85(i.     This  thetjry   appeared  to  agree  wettiS 
with  experiments  until  the  particular  fact  under  discnsMion  was  discovered  ™ 
Thii^  fact,  hfiwever,  directly  controverts  the   theory.     For  on  applying  tha 
equations  giving  the  rate  of  flow  through  ao  orifice  to  such  esperimente  ^ 
Mr  Wildes,  it  appears  that  there  is  a  marked  disjigi*eenient  between  the 
calculated  and  experimental  results.     The  calculated  results  are  evcu  more 
remarkable  than  the  experimental ;    for  while  the  experiments  only  shoirH 
that  diminishing  the  pressure  in  the  receiving  vessel  below  a  certain  limit 
docs  not  increase  the  flow,  the  equations  show  that  by  such  diminution  uf 
pressure  the  flow  is  actually  reduced  and  eventually  stopped  alk»gether. 

In  one  important  respect,  however,  the  equations  agree  with  the  erpm^ 
ments.  This  is  in  the  limit  at  which  diminution  of  pressure  in  the  receiving 
vessel  peases  tri  i!icrea?^e  the  flrnv,  which  limit  hy  the  v'rjnations  h  renchiHl 
when  the  pressure  in  the  receiving  vessel  is  '527  of  the  pressure  in  the 
discharging  vessel. 

The  equations  referred  to  are  based  on  the  laws  of  thermodynamics,  or 
the  laws  of  Boyle,  Charles,  and  that  of  the  mechanical  equivalence  of  heat 
They  were  investigated  by  Thomson  and  Joule  (see  Proc,  Roy.  Soc,,  May 
1856),  and  by  Prof.  Julius  Weisbach  (see  Civilingenieur,  1856);  they  were 
given  by  Rankine  (articles  637,  637  A,  Applied  Mechanics),  and  have  since 
been  adopted  in  all  works  on  the  theory  of  motion  of  fluids. 

Although  discussed  by  the  various  writers,  the  theory  appears  to  have 
stood  the  discussion  without  having  revealed  the  cause  of  its  failure ;  indeed, 
Him,  in  a  late  work,  has  described  the  theory  as  mathematically  satisfactory. 

Having  passed  such  an  ordeal,  it  was  certain  that  if  there  were  a  fault,  it 
would  not  be  on  the  surface.  But  that  by  diminishing  the  pressure  on  the 
receiving  side  of  the  orifice  the   flow  should  be  reduced   and   eventually 

*  The  account  of  B.  D.  Napier's  experiments  is  contained  in  letters  in  the  Engineer^  1S67, 
vol.  zxiii.  January  4  and  25.  They  were  made  with  steam  generated  in  the  boiler  of  a  small 
screw-steamer  and  discharged  into  an  iron  bucket,  the  results  being  calculated  from  the  heat 
imparted  to  a  constant  volume  of  water  in  the  bucket  in  which  the  steam  was  oondexiBed. 
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stopped,  is  a  conclusion  too  contrary  to  common  sense  to  be  allowed  to  pass 
when  once  it  is  realized;  even  without  the  direct  experimental  evidence 
iu  contradiction,  and  in  consequence  of  Mr  Wilde's  experiments,  the  author 
was  led  to  re-examine  the  theory. 

2.  On  examining  the  equations,  it  appears  that  they  contain  one  assump- 
tion which  is  not  part  of  the  laws  of  thermodynamics,  or  of  the  general 
theory  of  fluid  motion.  And  although  commonly  made  and  found  to  agree 
with  experiments  in  applying  the  laws  of  hydrodynamics,  it  has  no  founda- 
tion as  generally  true.  To  avoid  this  assumption,  it  is  necessary  to  perform 
for  gases  integrations  of  the  fundamental  equations  of  fluid  motion  which 
have  already  been  accomplished  for  licjuids.  These  integrations  being 
eifected,  it  appears  that  the  assumption  above  referred  to  has  been  the  cause 
of  the  discrepancy  between  the  theoretical  and  experimental  results,  which 
are  brought  into  complete  agreement,  both  as  regards  the  law  of  discharge 
and  the  actual  quantity  discharged.  The  integrations  also  show  certain  facts 
of  general  interest  as  regards  the  motion  of  gases. 

When  gas  flows  from  a  reservoir  sufficiently  large,  and  initially  (before 
flow  commences)  at  the  same  pressure  and  temperature,  then,  gas  being  a 
nonconductor  of  heat  when  the  flow  is  steady,  a  first  integration  of  the 
equation  of  motion  shows  that  the  energy  of  equal  elementary  weights  of  the 
gas  is  constant.  This  energy  is  made  up  of  two  parts,  the  energy  of  motion 
and  the  intrinsic  energy.  As  the  gas  acquires  energy  of  motion,  it  loses 
intrinsic  energy  to  exactly  the  same  extent.  Hence  we  have  an  equation 
between  the  energy  of  motion,  i,e,  the  velocity  of  the  gas,  and  its  intrinsic 
energy.  The  laws  of  thermodynamics  afford  relations  between  the  pressure, 
temperature,  density,  and  intrinsic  energy  of  the  gas  at  any  point.  Substi- 
tuting in  the  equation  of  energy,  we  obUiin  equations  between  the  velocity 
and  either  pressure,  temperature,  or  density  of  the  gas. 

The  equation  thus  obtained  between  the  velocity  and  pressure  is  that 
given  by  Thomson  and  Joule ;  this  equation  holds  at  all  points  in  the  vessel 
or  the  effluent  stream.  If,  then,  the  pressure  at  the  orifice  is  known,  as  well 
as  the  pressure  well  within  the  vessel  where  the  gas  has  no  energy  of  motion, 
we  have  the  velocity  of  gas  at  the  orifice;  and  obtaining  the  density  at  the 
orifice  from  the  thermodynamic  relation  between  density  and  pressure,  we 
have  the  weight  discharged  per  second  by  multiplying  the  product  of  velocity 
with  density  by  the  effective  area  of  the  orifice.  This  is  Thomson  and  Joule's 
equation  for  the  flow  through  an  orifice.  And  so  far  the  logic  is  perfect,  and 
there  are  no  assumptions  but  those  involved  in  the  genei-al  theories  of 
thermodynamics  and  of  fluid  motion. 

But  in  order  to  apply  this  equation,  it  is  necessary  to  know  the  pressure 
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at  the  orilice;  ADd  here  comf?*^  the  aiwunvptioii  that  has  l^nm  tpiicitlv  umuIc: 
ttmt  the  pfwsure  at  tlie  Qtijice  i^  the  pr^fimtre  in  tht  rmifif^ng  vemd  iU  a 
dtsttinc0  from  Ui$  orifice. 

3,  The  origin  of  this  aHaumption  m  that  it  holds,  when  a  deuaer  liquid 
like  water  Hows  into  a  tight  fluid  ]ik<^  air,  luid  ii]ipm)Liiiiiitt!ij  wht^u  wakar 
flows  into  water. 

Tdcing  no  account  of  friction,  the  equations  of  hydrodjoami*^  shorn*  that 
thii  u  the  onljf  condition  under  which  the  ideal  litjuid  can  flow  steadily  fmra 
a  drowned  orific*^.  But  they  have  not  hemx  hitherto  int-egnited  so  far  as 
to  show  whether  or  not  thift  would  be  the  ca^w^  with  an  elastic  fluid. 

In  the  ease  of  an  ok»tic  fluid,  the  diflictdty  of  intogmtioo  is  enhanced 
But  on  examination  it  appears  that  there  is  an  important  circumKtuDc^ 
connected  with  the  st<^dy  motion  of  gases  which  does  not  exist  in  the  cas«?  of  , 
liquid.     This  circumstance,  which  may  be  interred  from  integrations  aktatly  , 
effbcted,  determines  the  pressure  at  the  orifice  irrespective  of  the  pressnrciaJ 
the  receiving  veasel  when  thii  is  below  a  certain  point. 

4,  To  understand  this  drcuniatance,  it  is  necessary  to  con.sider  a  st« 
narrow  stream  of  fluid  in  which  the  pressure  falls  and  the  velocity  inoreaM 
oontinuonaly  in  one  direction. 

Since  the  stream  is  steady,  eqnal  weights  of  tht^  fluid  ninst  pass  each 
section  in  the  same  time ;  or,  if  w  be  the  velocity,  p  the  density,  and  A  the 
area  of  the  stream,  the  joint  product  vpA  is  constant  all  along  the  stream,  so 
that 

gpu 

W  . 
where  —  is  the  mass  of  fluid  which  passes  any  section  per  second. 

In  the  case  of  a  liquid  p  is  constant,  so  that  the  area  of  the  section  of  the 
stream  is  inversely  proportional  to  the  velocity,  and  therefore  the  stream 
will  continuously  contract  in  section  in  the  direction  in  which  the  velocity 
increases  and  the  pressure  falls,  as  in  Fig.  1,  also  Fig.  2  A. 


Fig.  1. 

In  the  case  of  a  gas,  however,  p  diminishes  as  the  velocity  increases  and 
the  pressure  falls;  so  that  the  area  of  the  section  will  not  be  inversely 


53] 


ON   THE   FLOW  OF  GASES. 


315 


proportional  to  u,  but  to  u  x  p,  and  will  contract  or  increase  according  to 
whether  u  increases  faster  or  slower  than  p  diminishes. 

As  already  described,  the  value  of  pu  may  be  expressed  in  terms  of  the 
pressure.  Making  this  substitution,  it  appears  that  pu  increases  from  zero 
as  p  diminishes  from  a  definite  value  pi  until  p  =  '527pi ;  after  this  pu 
diminishes  to  zero  as  p  diminishes  to  zero.  A  varies  inversely  as  pu,  and 
therefore  diminishes  from  infinity  as  p  diminishes  from  p^  till  p  =  '527pi] 
then  A  has  a  minimum  value  and  increases  to  infinity  as  p  diminishes  to 
zero,  as  in  Fig.  2. 


Fig.  2. 

The  equations  contain  the  definite  law  of  this  variation,  which,  for  a 
particular  fall  of  pressure,  is  shown  in  Fig.  2  A. 


Fig.  2  a. 

For  the  present  argument  it  is  sufficient  to  notice  that  A  has  a  minimum 
value  when  p=*527j5i;  since  this  fact  determines  the  pressure  at  the  orifice 
when  the  pressure  in  the  receiving  vessel  is  less  than  •527pi ,  that  being  the 
pressure  in  the  discharging  vessel. 
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5.     If,  inntead  of  an  orifice  in  a  thin  plate,  the  fluid  escaped  thi^ugh*  i 
pipe  which  gradually  contracted  to  a  iMymU%  ihmi  it  would  follow  at  <>Rct;] 


Fig.  s. 

from  what  ban  been  already  said,  that  when  p^  was  less  than    S^Tpi,  thi 

narrowest  portion  of  the  stream  would  bo  at  N,  for  since  the  stream  cou verges 
to  N  the  presj^ure  above  iV  can  be  nowhere  less  than  'B27pt ;  and  siikoe 
emerging  into  the  smaller  surrounding  pressure  p^  the  streano  would  expai 
laterally,  N  would  be  the  minimum  brca<lth  on  the  stream,  and  hence  the 
pressure  at  N  won  hi  be  '527pi,  In  a  broad  view  we  may  in  the  aarae  way 
look  on  an  orifice  in  the  wall  of  a  vessel  as  the  neck  of  a  Ktream.  But  if  we 
begin  to  look  into  the  argument,  it  is  not  so  clear,  on  account  of  the  cum 
ture  of  the  pathsi  in  which  some  of  the  particles  a]iproach  the  orifice^ 
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Since  the  motion  with  which  the  fluid  approaches  the  orifice  is  stc^fj 
the  whole  stream,  which  is  bounded  all  round  by  the  wall,  may  be  consider^ 
to  consist  of  a  number  of  elementary  at  ream  a,  each  conveying  the  mim' 
quantity  of  fluid.  Each  of  these  elementary  streams  is  bounded  by  the 
neighbouring  streams,  but  as  the  boundaries  do  not  change  their  position 
they  may  be  considered  as  fixed. 

The  figure  (4)  shows  approximately  the  arrangement  of  such  stream. 
But  for  the  mathematical  difficulty  of  integrating  the  equations  of  motion, 
the  exact  form  of  these  streams  might  be  drawn.  We  should  then  be  able  to 
determine  exactly  the  necks  of  each  of  these  streams.  Without  complete 
integration,  however,  the  process  may  be  carried  far  enough  to  show  that  the 
lines  bounding  the  streams  are  continuous  curves  which  have  for  asymptotes 
on  the  discharging- vessel  side  lines  radiating  from  the  middle  of  the  orifice 
at  equal  angles,  and,  further,  that  these  lines  ail  curve  round  the  nearest 
edge  of  the  orifice,  and  that  the  curvature  of  the  streams  diminishes  as  the 
distance  of  the  stream  from  the  edge  increases. 

These  conclusions  would  be  definitely  deducible  from  the  theory  of  fluid 
motion  could  the  integrations  be  effected,  but  they  are  also  obvious  from  the 
figure  and  easily  verified  experimentally  by  drawing  smoky  air  through  a 
small  orifice. 

From  the  foregoing  conclusions  it  follows,  that  if  a  curve  be  drawn  fix)m 
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A  to  B,  cutting  all  the  streams  at  right  angles,  the  streams  will  all  be 
converging  at  the  points  where  this  line  cuts  them,  heuce  the  necks  of  the 
streams  will  be  on  the  outflow  side  of  this  curve.     The  exact  position  of 


Fig.  4. 

these  necks  is  diflScult  to  determine,  but  they  must  be  nearly  as  shown  in 
the  figure  by  cross  lines.  The  sum  of  the  areas  of  these  necks  must  be  less 
than  the  area  of  the  orifice,  since,  where  they  are  not  in  the  straight  line  AB 
the  breadth  occupied  on  this  line  is  greater  than  that  of  the  neck.  The  sum 
of  the  areas  of  the  necks  may  be  taken  as  the  efiective  area  of  the  orifice ; 
and,  siuce  all  the  streams  have  the  same  velocity  at  the  neck,  the  ratio  which 
this  aggregate  area  bears  to  the  area  of  the  orifice  may  be  put  equal  to  K, 
a  coefficient  of  contraction. 

If  the  pressure  in  the  vessel  on  the  outflow  side  of  the  orifice  is  less  than 
•527/)i,  this  is  the  lowest  pressure  possible  at  the  necks,  as  has  already  been 
pointed  out,  and  on  emerging  the  streams  will  expand  again,  as  shown  in  the 
Fig.  4,  the  pressure  falling  and  the  velocity  increasing,  until  the  pressure  in 
the  streams  is  equal  to  p^,  when  in  all  probability  the  motion  will  become 
unsteady. 

If  fi,  is  greater  than  •527pi,  the  only  possible  form  of  motion  requires  the 
pressure  in  the  necks  to  be  p,,  at  which  point  the  streams  become  parallel 
until  they  are  broken  up  by  eddying  into  the  surrounding  fluid  (Fig.  6). 
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Fig.  6. 


Suppose  a  parallel  stream  flowing  along  a  straight  tube  with  a  velocity  u, 
and  take  a  for  the  velocity  with  which  sound  would  travel  in  the  same  gas 
at  rest,  the  velocity  Avith  which  a  wave  of  sound  or  any  disturbance  would 
move  along  the  tube  in  an  opposite  direction  to  the  gas  would  be  a  — «. 
If  then  a  =  w,  no  disturbance  could  flow  back  along  the  tube  against  the 
motion  of  the  gas ;  so  that,  however  much  the  pressure  might  be  suddenly 
diminished  at  any  point  in  the  tube,  it  would  not  affect  the  pressure  at  points 
on  the  side  from  which  the  fluid  is  flowing.  Thus,  suppose  the  gas  to  be 
steam  and  this  to  be  suddenly  condensed  at  one  point  of  the  tube,  the  fall  of 
pressure  would  move  back  against  the  motion,  increasing  the  motion  till 
w  =  a,  but  not  further;  just  as  in  the  Bunsen's  burner  the  flame  cannot  flow 
back  into  the  tube  so  long  as  the  velocity  of  the  explosive  mixture  is  greater 
than  the  velocity  at  which  the  flame  travels  in  the  mixture. 
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According  to  this  view,  the  limit  of  flow  through  an  orifice  should  be  the 
velocity  of  sound  in  gas,  in  the  condition  as  regards  pressure,  density,  and 
temperature,  of  that  in  the  orifice;  and  this  is  precisely  what  it  is  found  to  be 
on  examining  the  equations. 

7.     The  following  is  the  definite  expression  of  the  foregoing  argument. 

The  adiabatic  laws  for  gas  are :  p  being  pressure,  p  density,  t  absolute 
temperature,  and  7  the  ratio  of  the  specific  heats, 

i^(py^(i.r' (1). 

To         \pj  \pj 

The  equation  of  motion,  u  being  the  velocity  and  x  the  direction  of  motion,  is 

du  __     dp 
^   da?""     dx' 


'0  p 

Substituting  from  equations  (1), 


!=-/:?-<' «• 

/: 


f^dp^    y    Po  1 . 

lop       7-1  poTo' 


^-"^(0  <*y- 


Hence  along  a  steady  stream,  since   W  is  constant,  equation  (5)  gives 
a  relation  that  must  hold  between  A  and  p. 

dA 
Differentiating  A  with  respect  to  p  and  making  -j-  zero,  it  appears 

2p,  y   =(7+1);)  y    (6), 

HdT <'>■ 

For  air  7  =  1408. 

.-.  £=527    (8). 

Pi 


=  J    ^P''    /?')'*'.... (10). 


■^T^wM'^y '"^ 


which  IB  the  velocity  of  sound  in  the  gas  at  the  ahBohite  temperature  r. 

It  thus  appears  that  the  velocity  of  gas,  at  the  poiat  of  tnitiimum  area  of ' 
a  stream  along  which  the  pressuro  falls  contiiiuou&ly.  is  eqtml  to  the  velocity 
of  sound  in  the  gas  at  that  point. 

8,     From  the  equation  of  flow  (5)  it  appears  that  for  every  value  of  i  i 
other  than  its  minimum  value,  there  are  two  possible  values  of  the  pressutt  | 

which  Batissfy  the  equation,  one  being  greater  and  the  other  less  than 

•527^1. 

It  therefore  appears  that  in  a  channel  having  two  equal  minima  values  of 
section  A  and  (7,  as  in  Fig.  6,  the  flow  from  A  \,o  R  may  take  place  in  either 


Fig.  6. 

of  two  ways  when  the  velocity  is  such  that  the  pressure  at  A  and  B  is  '527^1, 
i.e.  the  pressure  may  either  be  a  maximum  or  a  minimum  at  G.  In  this 
respect  gas  differs  entirely  from  a  liquid,  with  which  the  pressure  can  only 
be  a  maximum  at  G. 
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ON   METHODS   OF   INVESTIGATING   THE   QUALITIES    OF 

LIFEBOATS. 

[From   the  "  Proceedings    of    the   Manchester   Literary   and    Philosophical 

Society,"  Vol.  xxvi.] 

(Read  December  U,   1886.) 

The  lamentable  accidents  to  the  St  Anne*s  and  Southport  lifeboats  on 
the  9th  inst.  seem  likely  to  lead  to  steps  being  taken  to  obtain  a  more 
systematic  investigation  as  to  the  qualities  of  these  boats  than  has  yet  been 
undertaken. 

It  seems,  therefore,  a  proper  time  to  direct  attention  to  certain  facts  and 
general  considerations,  the  importance  of  which  have  impressed  themselves 
upon  me  during  many  years'  investigation. 

Before  entering  upon  this,  it  may  be  remarked  that  there  is  probably  no 
class  of  boats,  on  the  design  and  construction  of  which  more  attention  and 
skill  have  been  spent,  than  on  lifeboats,  or  of  which  the  qualities  are  so  well 
adapted  to  the  circumstances,  taken  all  round.  If  we  compare  the  results 
of  the  use  of  these  boats  with  the  results  obtained  in  the  use  of  the  navies 
of  this  or  any  other  country,  it  will,  without  a  moment's  hesitation,  be 
admitted  that  the  designers  of  lifeboats  and  lifeboat  paraphernalia  have 
arrived  much  nearer  perfection  than  the  designers  of  war  vessels  and  their 
armaments. 

That  the  high  standard  already  obtained  by  these  boats  has  not  been 

the  result  of  scientific  investigation,  or  the  theoretical  application  of  any 

known  principles  of  equilibrium,  does  not  render  the  method  less  scientific, 

for  the  base  of  all  science  is  observation  and  experiment,  and  these  boats 
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are  the  result  i>f  mivh  n  cjourwe  of  flirer.t  (AXperiTiirntJs  and  exptm mental 
oWrvatkm  as  has  not  betni  i*xy>ended  on  any  uthur  HHHiorn  struetun:,  nm 
IB  thin  uH^thod  orairiving  at  the  btmt  form  peculiar  to  lire  boats. 

With  thu  t'xceptiori  at  thr  largu  tuudt^rii  steaujeTB  and  imnelaiK  the 
peculiiir  ciju.structi<.iD  uf  boati^  of  all  sizes  m  thii  result  of  a  prolooged  prooep 

of  trial  and  failure,  ami  Miut»  rd though  certain  general  priiicipleSt  coanectiiig 
tht^  qualities  of  shipu  with  ihuir  shapes,  have  been  disco\  ered  and  reeoguused 
dniiiig  the  last  thirty  years,  still,  the  recognition  of  these  principla<  has  not  I 
resulted  in  the  suggefttion  of  any  conmdenible  inTprovenn^nt  to  he  efftH.*ted 
in  what  wtzre  before  high  class  vessels,  such  us  yaclits  and  fnst  sailing  vesseb. 
but  rather  have  coufinued  the  form  previously  arrived  at  in  these  as  the 
best,  and  led  to  their  being  copied  in  larger  veissels* 

The  discovery  and  rocognitiftn  of  principles  have  undoubtedly  beeii  of 
itntTieTif*e  s^erviee  in  irnfiroving  the  ty]>es  of  our  large  mmieni  vassela  B«U 
this  is  mainly  because  with  large  ships  there  is  not  the  same  opportuoity 
for  trial  and  failure  as  with  the  small,  the  number  is  so  much  smaller,  aod 
experiments  are  so  much  jilowcr  and  more  cu.stly;  but  the  main  rea^f.^n 
is,  that  the  circumstances  which  call  out  the  highest  qualities  of  the  larj^^e 
vessels  become  so  extremely  rare.  There  is  no  doubt  that  many  lar^t? 
vessels  pass  through  their  lives  without  meeting  weather  which  tes^ti*  their 
sea-going  qualities  in  the  way  in  which  those  of  a  fishing  boat  ai-e  tefiSd 
many  times  every  winter.  It  wan,  therefore,  an  immense  step  in  the  wav 
to  study  the  resistaiice  qualities  of  targe  ships,  when  the  late  Mr  Fruude 
brought  into  practice  the  rules  connecting  the  resistance  of  the  full-sized 
vessel  with  that  of  an  exact  model  to  scale. 

By  means  of  a  tank  200  feet  long,  and  models  on  scales  of  1  to  50,  or 
1  to  20,  the  resistance  and  rolling  qualities  of  all  Her  Majesty's  ships  have 
since  been  verified  before  they  are  constructed.  And  the  same  is  now  done 
by  manufacturers  of  mercantile  vessels,  like  Mr  Denny,  who  have  tanks  of 
their  own.  The  qualities  of  ships  thus  tested  were  originally  limited  to 
those  of  resistance  and  of  rolling,  and  so  far  as  I  know,  no  extension  has 
taken  place;  for  although  in  1876  it  was  pointed  out  by  the  author  before 
Section  9  of  the  British  Association,  that  by  constructing  models  of  our  war 
ships  on  a  scale  large  enough  to  enable  them  to  be  used  as  launches,  say 
1  to  16,  and  supplying  these  launches  with  power  as  the  cube  of  their 
dimensions — then  the  manoiuvering  qualities  would  be  similar  if  conducted 
on  scales  proportional  to  their  lengths,  the  time  occupied  by  the  launches 
in  executing  a  particular  evolution,  as  compared  with  that  occupied  by  the 
ships,  being  as  the  square  root  of  their  lengths.  So  that  with  such  models 
the  oflBcers  and  seamen  could  be  instructed  in  the  handling  of  their  ships 
without  cost  or  risk.     This  has  not  been  done.     The  Admiralty  replying, 
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SO  far  as  they  did  reply,  that  their  officers  were  continually  experimenting 
with  the  launches — disregarding  the  fact  that  the  launches  in  use  were  in 
no  sense  models  of  the  ships,  and  were  supplied  with  power  five  or  six 
times  too  great  in  proportion — thus  ignoring  the  point  of  the  suggestion, 
namely,  that  the  experience  gained  by  the  models  might  be  applicable  to 
the  ships,  which  with  their  present  launches  it  is  not,  and  only  tends  to 
mislead  those  who  attempt  a  comparison. 

Since  making  this  suggestion,  I  have  been  much  engaged  in  experiments 
with  water,  which  have  enabled  me  to  extend  this  law  of  similarity,  until 
I  find  it  is  possible  now  to  lay  down  the  conditions  under  which  to  test 
the  seaworthy  qualities  of  a  vessel  from  those  of  its  model. 

Certain  conditions  have  to  be  observed,  but,  in  general,  it  may  be 
asserted  that  provided  the  models  are  to  scale,  that  the  height  and  length 
of  the  waves  are  to  the  same  scale,  the  velocity  of  the  wind  being  as  the 
square  root  of  the  scale,  or  in  other  words,  the  corresponding  depressions 
of  the  barometer  in  the  same  scale  as  the  models — the  behaviour  of  the 
model  would  be  similar  to  that  of  the  boat. 

Thus,  the  behaviour  of  a  model  three  feet  long  in  waves  two  feet  high, 
and  with  a  wind  twenty  miles  an  hour,  would  correspond  with  that  of  a 
boat  twenty-seven  feet  long  in  waves  eighteen  feet  high,  and  a  velocity  of 
the  wind  sixty  miles  an  hour. 

The  main  object  of  this  communication  is  to  point  out  that  this  similarity 
in  the  behaviour  of  models  and  larger  boats  under  circumstances  as  regards 
the  stress  of  weather,  corresponding  in  scale  to  that  of  the  models  and  boats, 
affords  an  opportunity  of  testing  the  seaworthy  qualities  of  the  lifeboats  in 
a  degree  that  they  cannot  otherwise  be  tested.  For,  although  the  size  of  the 
boats  does  not  preclude  the  possibility  of  their  qualities  being  actually 
tested  under  any  circumstances  of  sufficiently  common  occurrence  to  afford 
opportunities,  yet  the  circumstances  which  call  for  the  highest  qualities  in 
these  boats,  and  in  which  the  boats  are  most  needed,  are  of  extremely  rare 
occurrence  ;  this  appears  at  once,  when  it  is  considered  that  it  is  years  since 
anything  approaching  such  a  storm  as  wrecked  the  two  boats  has  been 
experienced,  and  that  in  order  to  submit  any  modified  boat  to  a  similar 
test,  it  may  be  years  before  there  will  be  another  chance,  even  if  it  could 
be  made  available  when  it  did  come.  To  make  satisfactory  tests  on  the 
full-sized  boats,  command  is  wanted  of  the  extreme  circumstances,  and  this 
cannot  be  had  ;  while  on  the  other  hand,  to  test  the  same  qualities  in  their 
models,  these  extreme  circumstances,  modified  to  scale,  are  all  that  is  wanted, 
and  these  are  of  such  common  occurrence  as  to  afford  ample  opportunity, 
even  if  they  cannot  be  commanded  by  artificial  means. 

21—2 
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If  the  qualities  to  bo  tested  involved  the  handling  of  the  boat^.  then 
the  niodtOs  uiust  be  large  enough  to  carry'  a  crew ;  that  is  to  smy,  thoy 
would  have  to  be  small  lifeboats.  Eveu  with  such,  much  experience  can  be 
and  has  beea  gained,  which  could  not  be  obtained  with  larger  boats,  forbad 
weather  for  the  smaller  is  only  moderate  for  the  larger,  and  in  of  compait- 
tively  common  occurrence  compared  with  that  which  affords  a  similar  t«st 
for  the  larger  boats* 

It  is,  however,  the  self-righting  qualitiea  of  these  boats  thai  Ib  for  tlie 
moment  in  question ;  this  require.^  no  crew,  or  at  raoat  a  dummy  crew,  sa 
that  there  is  no  limit  to  the  suialluetis  of  the  inodels,  except  what  arises 
from  the  conditions  of  dynamical  similarity,  and  these  would  admit  of 
UHideb  as  Bmall  bb  two  or  three  feet. 


4 

I 


It  may  be  well  to  say  one  word  as  to  the  powera  of  self*righling,  and 
question  as  to  how  fiir  these  powei-a  may  be  affected  hy  the  wind  and  wmm, 
I  do  nut  know  that  it  has  ever  been  suggested  that  wind  and  wave  have  any 
such  effect.  But  it  m  equally  certiun,  that  there  is  no  A  priori  reason  why 
they  should  not,  and,  short  of  actual  experience,  it  c^innot  be  said  that  any 
boat  which  would  right  itself  in  calm  water  would  do  so  equally  well  in  any 
storm  that  might  blow.  On  the  other  hand  there  are  reasons  why  wind  anil 
waves  must,  individually  and  collectively,  affect  the  stability  of  an  uptiirued 
boat. 

Iji  the  first  place,  the  wind  will  keep  such  a  boat  broadside  on,  which 
will  be  in  the  trough  of  the  sea  raised  by  the  wind,  although  the  swell  may, 
of  course,  be  running  in  another  direction.  The  wind,  acting  on  the  bottom, 
will  further  drive  the  boat  broadside  on  through  the  water.  This  horizontal 
thrust  of  the  wind,  acting  on  the  part  of  the  boat  above  water,  and  balanced 
by  the  resistance  of  the  water  on  the  submerged  portion,  will  tend  to  right 
the  boat  by  turning  her  keel  to  leeward,  and  so  far  it  would  seem  that  the 
wind  would  help  to  right  her,  but  owing  to  the  shape  of  the  bottom  of  the 
boat  when  broadside  on,  there  will  be  a  vertical  force  resulting  from  the 
wind  as  well  as  the  horizontal,  and  this  vertical  force  will  bear  down  that 
side  of  the  boat  toward  the  wind,  and  this  effect  will  be  enhanced  by  the 
weight  of  the  waves  breaking  on  this  side  of  the  boat  tending  to  right 
her  by  turning  her  keel  to  windward,  or  in  direct  opposition  to  the  horizontal 
effect ;  and  more  than  this,  the  vertical  effect  of  the  wind  and  waves  to  turn 
the  keel  to  windward  will  be  greatest  when  the  windward  side  of  the  boat's 
bottom  has  some  definite  inclination  to  the  horizontal,  while  the  horizontal 
effect  to  turn  the  keel  to  leeward  will  continually  increase  as  the  keel  turns 
to  windward,  so  that  it  is  possible  that  in  a  particular  wind  and  sea  there 
may  be  a  position  of  very  stable  equilibrium,  towards  which,  if  the  keel 
is  to  leeward,  the  vertical  effect  of  the  wind  and  the  waves  predominating 
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over  the  horizontal  effect,  will  bring  it  back,  and  vice  versd ;  if  the  keel  is 
turned  to  windward,  the  horizontal  efiFect  predominating  will  also  tend  to 
bring  it  back. 

The  fact  that  two  boats  were  found  stranded  bottom  upwards,  with  part 
of  their  crews  underneath,  and  that  one  of  these  is  known  to  have  upset  in 
comparatively  deep  water,  and  to  have  remained  in  that  position  during  a 
long  time  while  drifting  into  shallow  water,  seems  altogether  inconsistent 
with  the  supposition  that  these  upturned  boats  were  in  their  normal 
condition  of  instability,  as  when  in  calm  water.  For  although  in  a  calm 
sea  the  efiFect  of  three  or  four  men  hanging  on  to  each  side  of  the  boat 
might  prevent  the  initial  motion  of  turning,  before  the  weight  of  the  iron 
keel  and  ballast  obtained  sufficient  leverage  to  lift  the  weight  of  the  men 
and  so  keep  the  boat  stable,  this  could  hardly  be  the  case  in  a  rough  sea, 
when  the  waves  would  be  continually  altering  the  balance  of  the  boat. 

These  are  questions  which  can  only  be  set  at  rest  by  experiments,  and 
the  method  of  models  thus  aflFords  a  means  of  testing  the  righting  qualities 
of  these  boats  under  circumstances  as  severe  or  more  severe  than  any  to 
which  they  will  ever  be  subjected,  and  this  without  waiting  and  without 
danger;  while  with  full-sized  boats  such  tests  are  impossible,  for  even 
should  an  extreme  storm  occur  opportunely  for  making  the  experiment, 
the  danger  involved  with  full-sized  boats  would  preclude  the  possibility 
of  their  licing  undertaken.  It  is  this  last  consideration  which  has  led  to 
these  suggestions,  and  not  the  idea  that  the  experiments  on  models  would 
be  more  satisfactory ;  while  the  fact  that  the  experiments  on  models  could 
be  made  at  much  smaller  cost,  is  too  small  a  matter  to  be  considered,  when, 
as  in  this  case,  the  lives  of  some  of  the  most  heroic  of  our  fellow  countrymen, 
and  the  sentiments  of  the  entire  nation,  are  involved. 


I,  The  object  of  thia  cutnniunication  is  k»  briQg before  Section  G  cerUin  . 
i*esults  and  conclnsiong  with  respect  to  the  actioD  of  water  to  anunge  loose  I 
gninular  tnaterial  over  which  it  may  he  Howin^,  The^se  results  and  c*«n- 
olusions  wero  in  the  first  instance  arrived  at  during  a  long-continued  in- 
vestigation* undertaken  with  a  view  to  bring  the  general  theory  of  hydro- 
dynamicii  into  ac-uord  with  experience,  rather  than  with  any  special  reference 
to  the  subject  in  hand,  but  have  since  been  to  some  extent  made  the  subject 
of  special  investigation. 


2.     A  systematic  study  of  the  regime  of  rivers  naturally  divides  itself 
under  three  heads,  which  may  be  stated  as  follows : — 

(1)  The  more  general  facts  observed  as  regards  the  regimen  of  the 
beds. 

(2)  The  movements  of  sand  consistent  with  these  observed  facts. 

(3)  The  necessary  actions  of  the  water  to  produce  these  movements 
in  the  material  of  the  beds. 

Observed  facts, — Amongst  the  most  general  facts  to  be  observed  as  to 
the  arrangement  of  the  material  forming  the  beds  of  estuaries  are — 

(1)  The  general  stability  or  steadiness  of  these  beds,  so  far  as  is  shown 
by  their  outline  or  figure,  while,  at  the  same  time,  as  is  shown  by  the 
obliteration  of  all  footprints  and  markings  casually  placed  upon  them,  also  by 
the  ripple  mark,  the  material  at  the  surface  of  these  beds  is  being  continually 
shifted. 
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(2)  The  almost  absolute  steadiness  in  figure  of  some  of  these  beds. 

(3)  The  gradual  changes  in  the  position  and  form  of  others — the 
growth  or  accumulation  of  sand-banks  in  some  places,  and  the  wasting  of 
banks  or  removal  of  sand  in  others. 

Movement  of  sand. — As  regards  the  movement  of  sand  consistent  with 
these  changes,  in  the  first  place  the  movement,  whatever  it  may  be,  is  one 
of  the  surface,  and  not  one  in  bulk ;  and  in  the  next  place  such  movement 
of  the  surface  must  be  continually  going  on,  whether  it  produces  any 
change  in  the  figure  of  the  banks  or  not.  The  invariable  obliteration  of 
footprints  and  marks  which  may  have  been  left  on  the  sand  at  low  water,  as 
well  as  the  ripple  marks,  are  absolute  evidence  of  a  general  disturbance  of 
the  surface,  and  it  requires  but  little  observation  to  show  that  the  disturbance 
is  of  the  chai-acter  of  a  drift  of  sand,  in  whatever  direction  the  water  may 
be  moving. 

Uniform  drift, — Where  the  outline  of  the  banks  is  not  altered,  this 
drift  or  motion  of  the  sand  must  be  uniform,  as  much  sand  being  deposited 
at  each  point  as  is  removed  from  that  point.  Although  there  may  be  a 
general  flow  of  the  sand  in  some  direction,  if  the  drift  is  uniform  this 
movement  will  not  alter  the  figure  of  the  bed,  which,  like  the  balance  in 
another  kind  of  bank,  does  not  depend  on  the  rate  of  deposit  and  with- 
drawal, but  on  the  excess  of  one  of  these  over  the  other.  The  gradual 
accumulation  or  diminution  of  sand  at  any  point  is  clearly  not  due  to  a 
simple  action  of  deposit  or  removal,  as  it  is  always  attended  with  the  same 
evidence  of  the  drifting  of  the  surface,  and  is  clearly  the  result  of  a  difference 
in  the  quantities  of  sand  deposited  or  removed  by  the  drift. 

Movement  of  water. — The  manner  in  which  a  current  of  water  acts  on 
the  granular  material  forming  the  bed  of  the  current  has  been  the  subject 
of  an  investigation  by  various  experimenters.  It  has  been  found  that  the 
primary  action  is  not  so  much  to  drag  the  grains  along  the  bottom,  but 
to  pick  them  up,  hold  them  in  a  kind  of  eddying  suspension,  at  a  greater 
or  less  height  above  the  bed,  for  a  certain  distance  and  then  drop  them, 
so  that,  when  the  water  is  drifting  the  sand,  there  is  a  layer  of  water  adjacent 
to  the  bottom,  of  a  greater  or  less  thickness,  charged  to  a  greater  or  less 
extent  with  sand.  The  faster  the  current  and  the  finer  the  sand  the  greater 
will  be  the  thickness  of  the  charged  layer,  as  well  as  the  denser  is  the  charge 
in  the  layer. 

A  certain  definite  velocity,  according  to  the  size  and  weight  of  the  grains, 
is  required  before  the  water  will  raise  the  grains  from  the  bottom,  and  for  all 
velocities  above  the  minimum  necessary  to  raise  the  sand  the  suspended 
charge  increases  with  the  velocity,  and   the  rate  of  drift  or  the  quantity 
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uf  i*aml  which  |ia.^si.*g  a  [)artieiilar  H^t^tioii  increases  much  fastrur  than  th<3 
velocity*  Attemi>tH  have  been  inatii*,  with  greater  or  ley^s  sucet^HS,  to  det4*r- 
iBitie  exact  laws  ccmnecting  the  rjiinimmn  velocities  at  whieb  tht  sand 
begins  to  drift,  with  the  weight  of  the  grains  and  other  circiiiiistaDce§; 
also  to  determine  tht^  exact  law  of  rat*:*  of  increaiie.  of  the  ilrift  with  th« 
velocity. 

For  my  pr<nst*rit  purpose,  however,  it  ia  not  neci^j^iry  to  enter  opon 
such  considerations^. 

From  the  fuct^s  ali-eady  mentioned,  it  will  appear  that  the  effect  of  a 
uniform  current  of  water  over  a  uniform  bed  of  Band  will  ni>t  be  to  mise 
or  lower  the  bed;  for,  na  the  eha^rge  of  s^md  in  the  watar  reiiiaia^  miifunii, 
it  must  drop  as  many  particlea  as  it  raiseg  everywhere  on  the  bed.  This  is 
the  action  of  the  water  in  causing  a  uniform  drift. 


i 
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It  m  also  evident  that,  if  the  charge  in  the  water  m  it  comes  to  mf 
particular  place  in  lensi  than  the  full  charge  due  to  its  velocity,  it  wil!  pick 
Up  from  that  place  more  sand  than  it  drops,  and  mq  increase  its  charge  I 
at  the  expeii.He  of  the  bed,  which  will  there  be  scoured  or  lowered*  AuA 
convei-sely,  if  the  water  aa  it  arrives  at  any  place  is  overnhnrged,  it  will 
relieve  its^elf  by  depositing  more  than  it  picks  up,  and  so  raise  or  silt  up 
the  bed. 


As  regards  the  circumstances  which  can  cause  the  water  to  be  charged  to 
a  grr;it<T  or  Ir-ss  pxtoiit  thnii  that  which  it  would  just  maintain  w^ith  soch 
velocity  as  it  has,  the  most  important  are — 

(1)  An  increasing  or  diminishing  velocity.  When  the  water  is  moving 
in  a  stream  from  a  point  where  the  velocity  is  less  to  one  where  it  is  greater, 
the  velocity  of  the  actual  water  as  it  moves  along  is  increasing,  as  will  also 
be  its  normal  charge  of  sand  ;  hence  it  must  be  continually  picking  up  more 
than  it  deposits.  And  conversely,  when  moving  from  a  point  of  greater 
velocity  to  one  of  less,  its  normal  charge  will  be  continually  diminishing 
through  deposits  on  the  bed. 

(2)  Another  circumstance  which  affects  the  charge  of  sand  with  which 
the  water  may  arrive  at  a  particular  point  is  a  variation  in  the  character  of 
the  bed.  If,  for  instance,  water  flows  from  a  rocky  bed  on  to  sand,  it 
may  arrive  on  the  sand  without  charge,  and  immediately  charges  itself  at 
the  expense  of  the  bed.  Or  again,  where  water  flows  from  a  sandy  bottom  on 
to  a  clean  or  grassy  rocky  bottom,  it  gradually  loses  its  charge,  silting  up  the 
bottom. 

Th^  direction  in  which  the  sand  is  moved  by  the  water  is  sensibly  in  the 
direction  in  which  the  water  which  holds  the  charge  is  moving.  But,  as  was 
first  pointed  out  by  Dr  James  Thomson  as  affording  an  explanation  of  the 
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generally  observed  fact  that  the  beds  of  rivers  are  scoured  on  their  convex 
sides  and  silted  on  their  concave,  the  layers  of  water  adjacent  to  the  bed  do 
not  always  move  in  the  general  direction  of  the  stream.  There  are  often 
steady  cross  currents  at  the  bottom,  as  in  the  case  mentioned,  though  such 
cross  currents  do  not  exist  except  under  circumstances  which  may  be 
readily  distinguished.  The  most  important  of  these  is  that  pointed  out  by 
Dr  Thomson — curvature  in  the  general  direction  of  the  stream,  in  which 
case  the  centrifugal  force  of  the  more  rapidly  moving  water  above  over- 
balances that  of  the  water  retarded  by  the  bottom,  and  forces  the  latter  back 
towards  the  centre  of  the  curve. 

This  action  is  universal,  where  even  the  lateral  boundaries  are  such  as  to 
require  the  water  to  move  in  curved  streams ;  the  drift  at  the  bottom  does 
not  follow  the  general  direction  of  the  stream,  but  sets  towards  the  centre  of 
the  curve. 

The  result  of  the  foregoing  consideration  is  to  lead  to  the  conclusion  that 
the  rigime  of  each  part  of  the  bed  as  to  maintenance  in  steady  condition, 
lowering  or  raising  it  any  time,  depends  solely  on  the  character  of  the  motion 
of  the  water,  which  if  straight  and  uniform,  neither  acquiring  nor  losing 
velocity,  causes  a  uniform  drift  in  the  direction  of  the  stream,  which  main- 
tains the  condition  steady.  If  losing  velocity,  causes  a  depositing  drift  and 
raises  the  bed ;  if  gaining  velocity,  causes  a  scouring  drift  and  lowers  the 
bed ;  while  if  curved,  the  direction  of  the  drift  is  diverted  towards  the  centre 
of  the  curve,  with  its  attendant  effect  to  lower  the  convex  side  and  raise  the 
concave  side  of  the  bed.  This  conclusion  seems  to  be  of  the  utmost  im- 
portance in  dealing  with  this  subject,  ^or  if  it  is  correct,  not  only  can  the 
character  of  the  action  going  on  at  the  bed  be  infeiTed  from  the  observed 
motion  of  the  water,  and  vice  versd,  but  since,  according  to  this  conclusion, 
the  character  of  the  action  is  independent  of  the  magnitude  or  velocity  of  the 
stream,  the  results  will  be  the  same  on  a  small  scale  as  on  a  large  one, 
provided  only  that  the  character  of  the  motion  of  the  water  is  the  same 
at  all  points.  In  this  latter  respect  this  conclusion  affords  an  explanation  of 
a  fact  that  cannot  fail  to  have  struck  every  one  who  has  observed  the  sand- 
beds  of  the  streams  running  over  sands  which  have  been  left  by  the  tide, 
viz.,  what  an  almost  exact  resemblance  they  bear  to  each  other,  whether 
having  the  size  of  a  moderate  river  or  of  the  smallest  rivulet. 

On  the  large  scale  of  actual  estuaries  we  can  only  test  the  conclusion  by 
actual  observation,  but  on  a  small  scale  we  can  experimentalise  in  whatever 
condition  of  motion  we  want  to  test,  and  readily  observe  the  effects  pro- 
duced ;  a  possibility  of  which  great  use  has  been  made  in  this  investigation, 
and  which  will  be  again  referred  to. 

As  applied  to  a  non-tidal  river,  in  which  the  direction  of  the  motion 


aso         OK  cmtAinilkwA  mrjmm^^mvtm  and  wruS^tws,        [i|I| 

m  alwayti  the  itame.  the  foregoing  ranclusioD  would  li'iuJ  uh  U>  r?(fHrrt  tluit 
the  regime  would  bt*  ^(eacly  i^xcept  at  the  b«*iids.  the  source^*,  and  the  mmlh, 
which  is  exacti}  what  ih  olidf^rviiKl,  «o  that  the  coiiuhisiDii  so  far  agrt^es  mtb 
experience.  1'he  mowt  striking  feature  about  rivers  itj  th©  way  they  wriggle 
about  in  the  alhivial  viilleyH;  a  phonoinenon  j>oiuted  tc»  by  Lyell  a*  ouv  4 
thoite  causi^H  Htill  in  progress  whitrh  liad  pn>duced  the  present  canditioii3»  4 
tho  valleys*,  and  which,  as  alremiy  sUitt?d,  was  explained  by  Dr  Thomsoa 
From  th«i  soure*^  of  the  river,  as  the  raiti -water  rtcqtiii%!i  the  velf»eiU%  it 
ehtii^e^  itt^lf  with  deposit,  which  charge  it  maintaiim  with  cotitiiiual  Ui«3 
and  drawbaekji  until  it  reaches  the  ocean  or  lake,  wheit  ita  water  in  again 
lo«ng  it«  veliK>ity  deponitA  its  charge,  continually  carrying  forward  the  \m 
and  extending  its  delta. 


I 
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In  THiii-titlal  rivers,  whether  large  or  smalK  fiw*t  f»r  s^low,  the  character  af 
these  actions  am  invariable,  however  nvuch  they  may  differ  in  inteosity.  Th« 
case  of  tiflal  ei^tuaries  is,  however,  by  no  inejins  so  simple.  Here  we  haw 
not,  as  in  a  river,  a  continuous  progression  of  the  same  chanictt^r  of  mHiou  at 
the  sanae  point,  Ou  the  contrary,  at  every  point  the  action  is  cFiangtd 
twice  a  day*  For  the  change  in  the  tidal  current  does  not  merely  change  or 
reverse  the  direction  of  the  sand^drift  at  each  part  of  the  bed.  but  it  chtiriges 
and  ijften  revenues  the  chajiicter  of  this  drift,  changing  what  has  hern  * 
Hcoiiring  drift  iluring  the  ebl)-tide  into  a  depositing  drift  daring  the  Huod; 
Ko  that  the  question  as  t(*  w^hether  the  rqfitm  is  stable,  depositing,  orM 
st*ourin^f  is  not  siiii|ilv  a  ipieistion  as  to  wKftlhT  tlu^  t/iunnt  ut  tiii^  pint  ^ 
is  uniform,  accelerated,  or  retarded,  but  whether  the  action  of  the  ebb  to 
cause,  say,  scour  is  equal  to,  less  than,  or  greater  than  the  action  of  the  flood 
to  cause  deposit. 

As  there  is  no  likelihood  that  the  resultant  effect  as  regards  the  general 
regime  of  two  opposing  influences  will'  resemble  what  would  have  been  the 
simple  effect  of  either  of  the  influences  acting  alone,  this  dual  control  affords 
abundant  reason  why  the  configuration  of  the  beds  of  these  tidal  estuaries 
should  differ  in  character  from  the  configuration  of  the  sand-beds  of  continuous 
streams. 

There  is,  however,  another  and  an  equally  important  difference  between 
the  general  motion  of  the  water  in  rivers  and  tidal  estuaries. 

The  function  of  the  estuary  is  by  no  means  that  of  a  simple  channel  to 
conduct  the  tidal  water  up  and  down.  It  equally  discharges  the  function  of 
a  reservoir  or  basin,  to  be  filled  and  emptied  by  each  tide. 

In  consequence  of  this  action  as  a  reservoir,  the  directions  of  the  motions 
of  the  water  during  flood  and  ebb,  and  particularly  towards  the  top  of  the 
flood  and  commencement  of  the  ebb,  are  generally  very  different  from  what 
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they  would  be  were  the  estuary  acting  the  simple  part  of  a  chaunel  conduct- 
ing the  water  from  one  place  to  another. 

When  a  vessel  is  filled  by  a  stream  entering  on  one  side,  the  forward 
motion  of  the  water  is  stopped  before  reaching  the  opposite  side.  But  if,  as 
is  always  the  case,  the  motion  which  the  water  has  on  entering  is  more  than 
sufficient  to  carry  it  as  far  as  is  necessary,  the  remaining  momentum  is  spent 
in  setting  up  eddies,  or  a  general  circulation  in  the  water,  so  that  when  the 
vessel  is  full  the  water  within  it  is  not  by  any  means  at  rest,  but  may  be 
circulating  round  or  have  any  other  motion.  If,  then,  the  water  is  allowed 
to  flow  out,  the  initial  motion  will  not  be  a  steady  movement  towards  the 
outlet  from  all  parts  of  the  vessel,  but  those  portions  of  the  water  which  are 
moving  towards  the  outlet  will  have  their  motion  accelerated,  while  those 
which  are  moving  in  the  opposite  direction  will  have  first  to  be  stopped 
before  they  begin  to  approach  the  outlet.  And  thus  the  ebb  will  begin 
earlier  at  some  points  in  the  vessel  than  at  others. 

It  was  the  observation  of  such  an  effect  as  this  in  one  of  our  largest 
estuaries  that  first  directed  my  attention  to  the  subject  of  this  paper. 

Having  investigated  this  point  sufficiently  for  my  own  satisfaction  nothing 
further  was  done  until  1885,  when  my  attention  was  directed  to  the  inner 
estuary  of  the  Mersey. 

This  estuary  may  be  described  as  a  crescent-shaped  shallow  pan,  eleven 
miles  long  by  three  broad,  lying  north-west  and  south-east,  having  its  upper 
horn  pointing  east  and  its  lower  horn  north ;  the  northern  horn,  being 
prolonged  for  five  miles  into  a  narrow  deep  channel,  runs  north  to  the  outer 
estuary  or  sandy  bay  of  the  sea.  One  of  the  most  marked  features  presented 
by  the  configuration  of  the  bed  of  this  inner  estuary  is  the  invariable  prefer- 
ence of  the  low-tide  channels  for  the  concave  or  Lancashire  side  ;  whereas, 
were  the  estuary  acting  merely  the  part  of  a  river,  whether  during  flood  or 
ebb,  it  would  be  expected  to  follow  the  usual  law,  and  have  the  deepest 
water  on  the  convex  or  Cheshire  side. 

That  this  prevalence  of  the  deepest  water  on  the  concave  side  must  be 
the  result  of  the  momentum  left  in  the  water  by  the  flood  at  once  seemed 
to  me  probable;  for  if  the  bottom  were  level  or  deepest  on  the  Lancashire 
side  the  effect  of  the  curved  shape  would  be  to  cause  the  flood  entering  at 
the  northern  horn  to  follow  the  south-eastern  or  Cheshire  shore,  and  the 
momentum  of  this  water  would  tend  to  carry  it  round  the  head  of  the 
estuary  and  back  along  the  Lancashire  side ;  would,  in  fact,  tend  to  set  up  a 
circulation  before  the  top  of  the  flood  was  reached;  so  that  on  the  Lancashire 
side  the  water  would  be  moving  down  the  estuary  before  the  ebb  commenced; 
whence,  considering  that  the  flood  tends  to  raise  the  bottom  and  the  ebb  to 


332  ON   Cfiaflfk   LTwOfLATtKO   TO   RIVERS   hHU   EHTlTAttIW»  [Si 

lower  It  (for  tljG  t'eaHciriB  alreadj'  piiijtf:'d  out),  it  seem^s  that  the  stranger  fi(v<| 
on   the  tJheshire  sirle  would  misc*  thm  side,  while  ihv  Btnmger  obb  od  thej 
Lancashire  side  wtmid  lt*wer  this.     This  is  sappjsing  the  Iwjtfcom  to  be  leiei 

In  ordur  to  verify  theMi^  euncluisioDB  a  veii^el  waa  cotifttrueUKi  having  a.  ii 
bottom  and  a  vertical  boundary  of  the  same  shape  as  the  high- tide  line  of  tk 

inner  eiitiiary   from  th^  ixx^k  to   thu   same  distance  abtive  RnacoriL    Tk 
horiztmtal  senile  was  2"  to  a  mile,  and  the  vertical  scak*  1   itich  to  JNO  feet. 

A  shallow  tin  pan  was  hingod  on  to  the  otherwise  open  ehannel  at  the 
rock*  by  mimng  and  lowering  which,  when  full  of  water,  the  uiotian  of  iht  I 
tide  ctmld  be  prudueeil  throughout  the  mmlel  through  the  naiTows;  the  tnif     i 
form  *)f  the  bed  of  the  ehanuel  was  given  to  the  model  by  means  of  fjamilin. 
And  in  order  to  obtain  approximately  the  proportional  depth  in  the  inner    | 
estuary,  stand  wm  pUced  level  on  the  bottom  so  that  the  high-tide  depth  was 
reduced  to  thu  eciuivalent  of  about  twenty  feet*     The  idea  in  making  thb 
mtxlel  was  not  so  much  to  obtain  a  shifting  of  the  sand,  as  to  show  th< 
circulation  of  the  water  as  i-esulting  from  the  flo^xl  tide  with  a  level  bottom,  m 
In  the  fir^t  instance  the  tide  pan  Wius  raiwed  and  lowered  by  tmnd,  but  a^  tit  ' 
the  tirst  trial  it  became  evident  that  the  model  was  not  only  gMing  to  sht^w 
the  expected  circulation,  but  was  also  capable  of  showing,  by  the  chauge  id 
the  po>^ition  of  the  sand,  the  effect  of  this  ciix^ulation  on  the  configtimtiou  ♦]( 
the  estnary  and  other  important  effects,  it  was  arranged   that  the  model 
should  be  worked  from  a  continuously  running  shafl.     The  working  of  the 
model  by  hand  at  once  showed  that  there  was  only  one  period  of  working  at 
which  the  motion  of  the  water  in  the  model  would  imitate  the  motions  of  the 
actual  tide  in  the  Mei-sey,  which  period  was  found  to  be  about  forty  seconds; 
a  result  that  might   have  been  foreseen  from  the  theory  of  wave  motions, 
since  the  scale  of  velocities  varies  as  the  square  roots  of  the  scales  of  wave 
heights,  so  that  the  velocities  in  the  model  which  would  correspond  to  the 
velocities  in  the  channel  would  be  as  the  square  roots  of  the  vertical  scales— 
about  5^^— and  the  ratios  of  the  periods  would  be  the  ratio  of  horizontal 
scales  divided  by  this  ratio  of  velocities,  or 

33 1 

31800  "  950 ' 

Hence,  taking  11'25  hours  or  40,700  seconds  as  the  tidal  period,  the  period  of 
the  model 

=  —przTTT-  =  42  seconds  (about). 
9oU  ^ 

This  period  was  adopted  for  working  the  model  from  the  shaft. 

It  was  then  found  that  the  circulation  at  the  top  of  the  flood,  which  was 
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▼eiy  eyklent  while  the  bottom  was  flat,  caused  a  general  rise  of  the  sand  on 
the  Cheshire  side  and  lowering  on  the  Lancashire,  which  went  on  for  about 
2/)00  tides.  That  during  this  time,  owing  to  the  increase  of  flood  up  the 
Lancashire  side  and  the  diminution  of  that  on  the  Cheshire  side  which 
followed  from  the  deepening  of  the  one  and  the  shoaling  of  the  other,  the 
circulation  steadily  diminished  until  its  character  was  so  changed  that  it 
oould  no  longer  be  called  a  general  circulation,  and  that  after  this,  although 
there  were  further  changes  in  detail  going  on  in  the  estuary,  the  two  sides 
maintained  a  steady  condition  as  regards  depth  for  low  tides. 

During  this  time  banks  were  formed  and  low-tide  channels,  which 
resembled  in  all  the  principal  features  those  actually  in  the  Mersey;  the 
eastern  bank,  with  the  deep  sloynes  on  the  Cheshire  side,  the  DeviFs  Bank 
and  the  Garston  Channel,  the  Ellesmere  Channel  and  the  deep  water  in 
Dungeon  Bay  and  at  Dingle  Point — all  these  were  very  marked  in  character 
and  closely  approximate  in  scale. 

And,  what  is  as  important,  the  causes  of  these  as  well  as  all  minor 
features  could  be  distinctly  seen  in  the  model. 

The  easteru  and  Devil's  Bank  are  seen  during  the  process  of  their  forma- 
tion to  be  simply  an  internal  bar  formed  by  carrying  the  sand  brought  down 
by  the  ebb  out  of  the  narrows  and  sloyne,  until  debouching  into  the  broad 
estuary;  its  velocity  is  so  far  diminished  that  it  can  no  longer  carry  its 
charge,  just  as  happens  at  the  mouth  of  every  river.  The  peculiar  configura- 
tion of  these  banks  is  explained  by  the  existence  of  two  linos  of  eddies  from 
about  half-tide  to  the  top  of  the  Hood  :  the  first  of  these  is  caused  by  the 
sharp  comer  at  Dingle,  and  lies  between  Dingle  and  Garston,  the  eddies 
having  their  centres  over  the  Devil's  Bank ;  and  the  second,  caused  by  the 
divergence  of  the  Cheshire  Bank  towards  Eastham.  having  the  lines  of 
centres  over  the  Eastham  Bank.  These  eddies,  which  during  the  most 
rapid  part  of  the  flood  only  effect  a  diminution  of  the  velocity  of  the  flood, 
cause,  as  the  velocity  slackens  toward  the  top  of  the  flood,  back  water  to  set 
in  along  both  shores,  which  back  waters,  starting  the  ebb,  cause  this  to 
be  strongest  over  the  Garston  and  Eastham  Channels,  which  are  thus  kept 
open. 

The  lateral  configuration  of  the  shores  at  Dungeon  Bay  and  at  Ellesmere 
is  seen  to  cause  back  waters  to  exist  in  these  bays  during  the  whole  of  the 
flood  in  the  latter,  and  from  one  to  two  hours  before  the  top  of  the  flood  in 
the  former,  which  fully  accounts  for  the  deep  water  at  these  points.  The 
existence  of  these  back  waters  in  the  actual  channel  has  been  verified. 
There  are  many  other  circumstances  brought  to  light  by  this  model,  which  it 
is  impossible  for  me  here  to  notice  without  unduly  extending  the  length  of 
this  paper,  if,  indeed,  I  have  not  already  done  so.     I  will  therefore  only 


*  remark  that  a  second  start  waa  oiade  with  the  sand  flat  in  this  scE^ond  mcdcl, 
ami  that  the  n.?.'*ult  obtaintnl  wjut  the  sjime  m  roganli*  the  general  featttresnf 
the  estuary.  Su  ioterestiiig  were  the^e  reaiiltft  that  it  was  decided  to  tna 
larger  scale.  A  model,  having  a  hurizoiital  Mcale  uf  t\  inches  to  a  iiule,  aiida 
vertical  scale  of  33  feet  to  an  iuch,  was  therefore  made,  and  the  tide  prodiijoal 
as  before.     The  calculated  period  of  this  model  is  80  second^*,  and  experimeat 

I  be^rs  thi^  out,  any  variation  leading  to  s^iue  tidal  phenomena,  such  as  boiM£ 

Lor  standing  waves,  which  are  not  obscirved  in  the  estuary. 

The  disadvantage  of  the  larger  model  is  the  time  occupied^a  little  moft? 
I  than  a  tninute  a  tide^ — ^which  meani^  about  t\Qi)  tides  a  day,  or  2,000  tides  A 
[iveek.  On  one  occasion  the  model  was  kept  goiug  f<>r  6.000  tides,  and  a 
Burvey  was  then  made  of  the  state  of  the  sand.  And  this  will  Inf  it^^.*n  to 
present  a  remarkable  resemblance  in  the  general  features  to  the  charts  of  the 
^Mersey,  of  which  three — 1861,  1871,  1881 — are  shown;  in  fact  the  mn^j 
jfrom  the  model  presents  as  great  a  resemblance  to  any  one  of  these  as  thej 
[do  to  each  other. 

It  is  impossible  for  me  to  enter  upon  afl  the  pijints  of  agreement 
>  Taking  into  account  that  in  both  the  estuary  and  the  niixiel  there  are  always 
I  changes  going  on  within  certain  limits,  and  these  changes  do  affect  the 
currents  to  a  certain  extent,  it  is  not  to  be  supposed  that  there  will  be  exact 
agreement  between  the  currents  at  all  points  and  at  all  states  of  the  tides  oa 
the  model  and  estuary.  Still  there  is  a  general  agreement,  and  in  the  few 
verifications  I  have  made  I  have  found  that  the  current  found  in  the  model 
at  a  particular  point  and  state  of  tide  is  also  to  be  found  in  the  estuary. 

In  one  respect  the  great  difference  between  the  model  and  the  e^tuan* 
calls  for  remark :  this  is  the  much  greater  depth  of  the  model  as  compared 
with  its  length  and  breadth.  The  vertical  scale  being  33  feet  to  an  inch, 
and  the  horizontal  scale  880  feet  to  an  inch,  so  that  the  vertical  heights  are 
nearly  twenty-seven  times  greater  than  the  horizontal  distances,  such  a 
difference  is  necessary  to  get  any  results  at  all  with  such  small  scale  models; 
and  it  is  only  natural  to  suppose  that  it  would  materially  affect  the  action. 
As  a  matter  of  fact,  however,  it  does  not  seem  to  do  so.  And,  further,  it 
would  seem  that,  notwithstanding  the  general  resemblance  on  the  regime  of 
the  beds  of  large  and  small  streams  running  over  sand,  there  is  in  these 
a  similar  difference  in  vertical  scale,  the  smaller  streams  not  only  having  a 
greater  slope,  but  also  having  greater  depth  as  compared  with  their  breadth 
and  steeper  banks.  So  far  as  the  theory  of  hydrodynamics  will  apply,  it 
seems  that  in  the  model  the  effects  of  the  momentum  of  the  water  would  be 
greater,  as  compared  with  the  bottom  resistances,  than  in  the  estuary,  and 
I  think  that  they  are.  But  the  effects  of  momentum  in  the  estuary  greatly 
preponderate  on  the  resistances,  as  shown  by  the  fact  that  the  tide  at  the  top 
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of  the  flood  rises  some  2  to  3  feet  higher  at  high  spring  tides  than  it  does  at 
the  rock ;  nor  does  it  do  much  more  than  this  in  the  model.  In  the  model 
it  certainly  Heems  that  the  general  rigime  is  determined  by  the  momentum 
effects,  and  from  the  almost  exact  resemblance  which  this  rdginie  bears  to 
that  of  the  estuary,  it  would  seem  that,  although  the  momentum  effects  may 
be  diminished  by  the  greater  resistance  on  the  bottom,  they  are  still  the 
prevailing  influence  in  determining  the  configuration  of  the  banks.  Further 
investigation  will  doubtless  explain  this,  and  also  determine  the  best  propor- 
tional depths.  From  my  present  experience  in  constructing  another  model, 
I  should  adopt  a  somewhat  greater  exaggeration  of  the  vertical  scale.  In  the 
meantime  I  have  called  attention  to  these  results,  because  this  method  of 
experimenting  seems  to  affbrd  a  ready  means  of  investigating  and  determin- 
ing beforehand  the  effects  of  any  proposed  estuary  or  harbour  works;  a  means 
which,  after  what  I  have  seen,  I  should  feel  it  madness  to  neglect  before 
entering  upon  any  costly  undertaking. 

I  have  only  to  say  that,  as  it  was  not  practical  to  exhibit  the  model 
to  the  Section,  I  have  had  it  working  in  the  new  engineering  laboratory 
at  the  college.  Unfortunately  it  could  not  be  started  before  Monday,  and 
it  will  not  yet  have  run  more  than  1,000  tides,  since  the  sand  was  put  in 
flat,  so  that  it  is  not  probable  that  the  rigivie  is  yet  quite  stable ;  still  the 
principal  features  have  come  out*. 

*  For  continuation  see  papers  67,  58,  and  69. 


In  designing  steani-eiiginei=t  to  take  their  place  amongst  the  applia 
of  an  engiTieeriiig  laboratory,  at  the  present  stage  of  the  development  of^ 
theae  institutious,  many  considerations  present  themselves. 

The  primary  purpose  of  the  engines  is  to  afford  the  students  opportunities 
of  practice  in  making  the  various  measurements  involved  in  steam-engine- 
trials,  and  to  afford  them  an  insight  into  the  action  of  steam  in  the  engine, 
as  well  as  of  the  mechanical  actions ;  also  to  render  them  familiar  with  good 
examples  in  steam-engine  design. 

Another  purpose,  however,  which  it  is  very  desirable  such  engines  should 
serve,  is  that  of  supplying  a  means  of  research  by  which  knowledge  of  the 
steam-engine  may  be  extended.  A  systematic  and  experimental  investigation 
of  the  steam-engine  involves  two  sets  of  conditions  which,  unless  it  be  in  a 
laboratory,  can  hardly  exist  together,  namely,  the  time  and  attention  of  the 
scientific  investigator,  and  the  assistance  of  a  considerable  number  of  trained 
observers.  In  the  engineering  laboratory  these  conditions  should  exist; 
the  first  being  supplied  by  the  permanent  staff,  and  the  second  by  the 
students  as  their  training  advances. 

The  making  and  repeating  of  the  individual  observations  involved  in  a 
scientific  engine-trial,  as  well  as  reducing  the  results,  demands  an  amount 
of  patience  and  perseverance  which  is  severe  on  one  so  young  and  in- 
experienced as  a  student ;  but  the  importance  and  reality  which  the  research 


k 


56] 


ON  TRIPLE-EXPANSION   ENGINES   AND   ENGINE-TRIALS. 


337 


adds  to  all  the  detail  of  the  work,  as  well  as  the  complete  attention  and 
overlooking  which  it  ensures  from  those  responsible,  constitute  very  great 
advantages. 

Having  regard  to  these  two  purposes,  the  Committee,  Mr  John  Rams- 
bottom,  Mr  John  Robinson,  and  the  Author,  appointed  by  the  Council  of 
Owens  College  to  select,  amongst  other  appliances,  the  steam-engines  best 
adapted  for  the  special  purposes  of  the  laboratory,  decided  that  the  engines, 
while  as  far  as  possible  representing  in  their  principal  members  the  most 
approved  existing  practice  in  steam-engine  construction,  should  be  specially 
designed  to  afford  the  utmost  facilities  for  experiments  on  the  use  of  steam 
throughout  the  entire  range,  and,  if  possible,  beyond  the  limits  hitherto 
accomplished  in  practice. 

As  best  meeting  this  demand  it  was  decided  to  have  three  engines 
working  on  separate  brakes^  All  engines  to  be  of  the  inverted-cylinder 
type,  with  the  walls  and  covers  separately  jacketed  with  steam  at  boiler- 
pressure,  and  so  arranged  that  they  could  be  worked  with  or  without  steam 
in  any  or  all  of  the  jackets.  Each  engine  to  work  with  steam  at  any 
pressure  up  to  200  lbs.  per  square  inch,  to  run  at  any  piston  speed  up  to 
1,000  feet  per  minute,  and  to  have  expansion-gear  to  cut  off  from  zero  up 
to  §  of  the  stroke.  One  engine  to  be  supplied  with  air-pump  and  surface- 
condenser,  the  other  two  engines  to  be  furnished  with  alternative  exhausts, 
either  into  the  atmosphere,  or  into  steam-jacketed  receivers  supplying  steam 
to  the  next  engine,  each  of  the  receivers  also  having  an  alternative  supply 
of  steam  direct  from  the  boiler.  The  boiler  to  be  of  the  locomotive  type, 
having  5  square  feet  of  grate,  to  be  set  in  a  hot  chamber  with  an  economizer 
and  alternative  chimney  and  forced  draught,  on  the  closed  stoke-hold  system. 
The  condenser  to  have  200  square  feet  of  cooling  surface.  The  dimensions  of 
the  engines  to  be  somewhat  as  follow  : 


Engine 

Diameter 

of 
Cylinder 

Stroke 

Diameter 
of  Crank- 
Shaft 

No.  I  (high-pressure) 

inches 

5 

8 

12 

9 

inches 
10 
10 
15 

inches 
2} 
2} 
4 

No.  II  (intermediate) 

No.  Ill  (low-pressure)    

Air-pump  on  No.  Ill 

Feea-pump        ,,        

In  addition  to  the  brake,  each  engine  was  to  be  furnished  with  a  fly- 

*  The  advantage  of  having  the  engines  on  separate  brakes  was  suggested  to  the  Author  by 
Mr  J.  L  Thornycroft,  M.  Inst.  C.E. 
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wheel,  to  act  as  n  bolt  or  r<)i«vpulley,  weighing  about  1,200  Ib*^,  earned  m 
a  separate  shaft  with  a  conj>ling  to  the  t^  rank -shaft. 

The  firm  of  Mesfirs  Mather  and  Piatt,  Sal  ford  Iron  Work^,  yiKlertook  the 
preparation  of  the  designs  and  the  eoEetruction  of  spcxtial  ttiigiiiei^  and  boihr 
to  meet  in  all  renpectB  the  wishes  nf  the  ('oiniiiittee^  and  FjHired  Deidier 
trouble  nor  t^xpenae  in  carrying  out  the  work.  It  wa*  t^iitirely  owiuK  to  the 
zeal  and  liberulity  of  this  firm  that  the  College  was  enabled  to  ri*ei*t  the 
expense  of  an  undertaking  involving  so  naueh  speeial  work. 

The  dmiffn  of  the  miffines,  shown  in  Figs.  1  and  2,  eon  tains  many  novelti«. 
These  were  nt)t  adopted  without  what  appeared  to  tho  Committee  to  be 
sufficient  reason,  as  it  was  uuanimou.Uy  desired  to  adhere  as  far  a^s  po^ihk 
to  ordinary  types. 

As  regards  the  cylinders,  pistons,  and  valves,  there  are  three  notioeaUi'^ 
departures;  these  were  adopted  with  a  view^ 

1.  To  ensure  the  completeness  and  eflSciency  of  the  steam-jackeU, 

2.  To  diminish  the  resistance  to  the  passage  of  st«am  as  much  ^ 
possible. 

2,    To  keep  down  the  clearance* 

4.     To  obtain  an  adjustable  eut-off  from  zera  at  any  speed. 

1.  To  obtain  completeness  in  jacketing,  both  ends  (or  covers)  were 
jacketed  as  well  as  the  walls.  To  ensure  efficiency  of  the  jackets  ^teel 
liners  were  used  and  the  covers  were  domed,  so  that  the  surfaces  should 
free  themselves  by  gravitation  from  the  water  resulting  from  condensation, 
the  water  being  drained  from  the  lowest  point  in  the  jacket  spaces. 

2.  To  diminish  the  resistance  of  the  passages,  these  were  abnormally 

large,  the  area  of  the  ports  being  13  per  cent,  or  ^    the  area  of  the  piston, 

I 'o 

and  the  steam-chests  were  very  large. 

3.  To  diminish  clearance,  the  ports  were  made  straight,  and  the  valves 
brought  as  close  as  possible  to  the  cylinder,  double  valves  being  used.  The 
pistons  were  formed  to  occupy  the  space  in  the  cylinder,  except  ^  inch 
clearance  at  the  ends.  The  result  is  that  in  engine  No.  I  the  clearance 
space  shut  in  by  the  main  valve  is  4  per  cent,  and  17  per  cent,  more  by 
the  rider,  and  in  engines  II  and  III  the  clearances  shut  in  by  the  main 
valve  are  6  per  cent,  and  25  per  cent,  more  by  the  riders. 

4.  To  obtain  an  adjustable  cut-off,  since  at  the  higher  speed  the  engines 
were  intended  to  run  400  revolutions  per  minute,  it  was  practically  impossible 
to  use  any  form  of  trip  cut-off.  Meyer  expansion- valves  were  used  on  the 
backs  of  the  main  valves. 


I 
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OF  TRIPLE-EXPANSION   EN0IN¥S  AND  EKniNl-TBlAM, 

The  ot)gine«  are  exceptiaiiaUy  strong,  being  ftll  of  them  iii?«igtied  to  irotk 
mMy  witli  a  prcKHiire  of  2(K>  lbs.  on  tho  mjuare  inch,  so  that  the  ^Ecei  rf 
expansion  iu  one  cylinder  might  bu  t*f>ri)pajed  with  coaipouiid  or  tfipk 
expansion. 

The  fmines  of  the  ongines  are  of  a  nomewhat  novel  form,  and  thdr 
purpose  may  not  be  immediately  apparent.  It  will  be  seen,  however;  that 
the  front  cover  is  cast  with  a  kind  of  entfibluture  or  box,  connectal  mih 
the  base-plate  by  four  wrought -in^n  columim  placod  symmetricjilly  us  rtgnidB 
the  piston-rod.  The  function  of  these  columns  ia  to  withstand  the  vertical 
forces  arising  from  the  steam-pressures  on  the  cylinder  covers,  and  U} 
maintain  the  axis  of  the  cylinder  vertical  against  any  forces ;  they  are  ii«:*t 
calculated  to  maintain  a  horizontal  position  again,Ht  lateral  foartsas  such  aa 
might  arise  from  the  action  of  the  fjlide-block.  To  mc^et  nuch  lateral  forcei 
the  base-plate  is  prolonged  upwards  in  the  form  of  a  strong  box  standard,  tbe 
upper  portion  forming  the  slide-bars,  which  at  the  top  encircle  the  piston-  I 
rod  and  pass  within,  but  not  touching  the  box  cast  on  the  cylinder  cove^r 
Through  the  sidejs  of  this  box  are  four  horizontal  set-screws,  which  grip  the 
top  of  the  standard,  aod  so  tmnsmit  any  lateral  force  dii*ectly  to  the  standaid, 
as  well  as  admittiog  of  the  adjustment  necessary  to  maintain  the  cylinder 
co-axial  with  the  slide-bars. 

In  this  way  the  vertical  forces  are  taken  symmetricidly,  and  cauic  do 
distortion  of  the  engine.  The  cylinder  is  held  very  rigidly  by  the  four 
columns,  and  the  horizontal  forces  arising  from  the  pressures  of  steam  to 
the  pipe,  and  particularly  from  the  expansion  and  contraction  of  the  pipes 
under  a  variation  of  temperature  of  more  than  300°,  are  taken  by  the  cast- 
iron  standard.  And,  what  led  more  than  anything  else  to  this  design,  all 
distortion  arising  from  heat  is  avoided.  The  heat-connection  between  the 
cylinder  cover  at  400°  is  cut,  except  for  the  four  columns  which  are  heated 
symmetrically  and  the  four  set-pins  which  conduct  very  little  heat  to  the 
slide-bars. 

The  result  appears  very  satisfactory,  the  engines  running  with  the  slide- 
bars  cool  at  400  revolutions  per  minute,  doing  100  H.-P.  with  great  steadiness. 

The  somewhat  peculiar  general  arrangement  of  the  engines,  Figs.  3,  4, 
seems  to  require  a  word  of  explanation.  Vertical  engines  were  adopted  on 
account  of  the  much  greater  accessibility  they  afford  to  all  the  parts ;  also 
because  they  allow  of  the  water  from  the  steam-jackets  being  drained  back 
into  the  boiler  with  a  less  difference  of  level  between  the  floors  of  the 
boiler-house  and  the  engine-room. 

The  crank-shafts  of  the  engines  were  raised  3  feet  above  the  floor  in 
order  to  allow  of  the  floor  being  kept  level  and  to  admit  of  pulleys  5  feet 
in  diameter;    also  because  3  feet  is  a  convenient  height  for  working  the 
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brakes,  oiling  and  adjusting  the  gearing.  The  most  noticeable  feature  in 
the  arrangement  of  the  engines — the  distance  between  them — was  neces- 
sitated by  the  alternative  shaft  connections  which  it  was  decided  to  give 
them,  and  particularly  by  the  room  required  for  the  belt  and  rope-gearing, 
and  for  working  the  three  separate  brakes. 


The  complete  shaft  consists  of  seven  separate  shafts  on  separate  bearings, 
which  can  be  connected  into  a  single  shaft  by  six  special  coupling-boxes. 
The  shaft  immediately  on  the  right  of  each  engine  carries  a  brake,  and  these 
brake-shafts  of  the  two  smaller  engines  carry  11 -inch  belt-pulleys,  5  feet  in 
diameter,  weighing  11  cwt.,  while  the  brake-shaft  for  the  low-pressure  engine 
carries  two  15-inch  pulleys,  3  feet  in  diameter,  weighing  9  cwt.,  one  for  a 
belt  and  one  for  ropes.  These  pulleys  act  as  fly-wheels  when  the  engines 
are  working  separately;  and,  in  addition  to  these,  there  is  between  the 
brake-shaft  of  the  intermediate  engine  and  the  crank-shaft  of  the  low- 
pressure  engine  an  intermediate  shaft  caiTying  a  12-inch  rope-pulley,  5  feet 
in  diameter,  weighing  12  cwt.,  which  may  be  used  as  an  auxiliary  fly-wheel 
on  this  engine. 

When  the  crank-shafts  are  working  coupled,  as  a  single  shaft,  at  more 
than  200  revolutions  per  minute,  these  larger  wheels  must  be  removed  from 
the  shafts. 

A  first-motion  shaft,  16  feet  distant  and  12  feet  high,  carries  pulleys  3  feet 
in  diameter  corresponding  to  those  on  the  engine-shafts,  so  that  the  engines 


The  ooupling-boxes,  Figs.  5  and  6,  on  the  main  fihaft,  are  inteni 
eenre  two  purposes,  (1)  To  aflford  a  ready  means  of  coimecting  or  disooi^ 
necting  tho  sovenv!  shafts.  (2)  To  allow  of  any  aide-play  which  may  mm 
from  the  proximity  and  number  of  the  bearings. 

To  serve  these  purposes  it  was  necessary  to  have  a  special  flexible 
coupling,  which  led  to  the  design  of  a  modified  form  of  Oldham's  coupUng, 
with  an  intermediate  disk,  to  which  the  flanges  on  the  shafts  are  separately 
connected,  each  with  two  parallel  drag-links  at  equal  distances  on  each  side 
of  the  shaft.  The  drag-links,  which  connect  one  shaft  with  the  disk,  being 
at  right  angles  to  those  which  connect  the  disk  to  the  other  shaft,  so  that 
the  shafts  are  perfectly  free  to  play  laterally.  The  links  are  held  by  pins 
screwed  into  the  flanges  and  disk.  To  disconnect  the  shafts  all  that  is 
necessary  is  to  remove  four  of  these  screws  and  the  two  links  they  hold, 
which  leaves  the  shafts  free  with  a  considerable  interval  between  them. 
These  couplings,  while  very  flexible,  transmit  a  perfectly  uniform  motion 
and  throw  no  forces  on  to  the  bearings. 

The  intervals  between  the  engines  necessitated  by  this  intermediate 
gearing  are,  7  feet  between  No.  I  and  No.  II,  and  12  feet  between  No.  11 
and  No.  III.  These  intervals  entail  no  evils  in  the  working  of  the  shaft 
except  the  increased  friction  arising  from  the  additional  weight  and  number 
of  the  bearings.  This  friction  may  be  accurately  measured  and  taken  into 
account  in  determining  the  brake  H.-P. 
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The.  Arrangement  of  the  Intermediate  Steam  Connections,  Figs.  3  and  4. 
page  341. — This  was  adopted  in  order — 

(1)  To  allow  of  the  engines — 

Nos.  I,  II  and  III  being  worked  as  a  triple-expansion  condensing  engine. 
„     II  and  III  being  worked  as  a  compound  condensing  engine. 
„    I  and  II         „  „  „  non-condensing  engine. 

„    III  „  „  single  condensing  engine. 

„     I  or  II  „  „  „      non-condensing  engine. 

(2)  To  secure  that  the  steam-supply  to  each  engine,  under  whatever 
circumstances  it  might  be  working,  should  be  dry  without  intermediate 
drainage,  so  that  the  weight  of  water  discharged  by  the  air-pump  might 
measure  the  steam  admitted  to  each  engine  as  steam. 

(3)  To  bridge  over  the  intervals  between  the  engines  without  allowing 
the  changes  of  temperature  to  cause  undue  stresses  in  the  pipes  and  the 
supports  of  the  engines. 

The  exhaust -passages  from  No.  I  and  No.  II  engines  are  closed  respec- 
tively by  a  4-inch  and  a  6-inch  steam-valve,  while  an  alternative  exhaust- 
passage,  which  may  be  connected  directly  with  an  exhaust-pipe  in  the  floor 
or  closed  by  a  blank  flange,  is  provided.  The  ste^m- valves  in  the  exhaust- 
passages  open  into  receivers  which  supply  steam  to  No.  II  and  No.  Ill 
engines  respectively,  which  receivei*s  also  have  alternative  connections  with 
the  main  steam-pipe,  so  that  each  engine  can  have  a  separate  steam-supply. 

The  jacketed  receivers,  which  are  the  intermediate  steam -passages  between 
the  engines,  are  cast-iron  pipes  6  and  8  feet  long  respectively,  lined  with 
wrought-iron  pipes  4  inches  and  6  inches  in  diameter,  the  space  between 
the  pipe  and  casting  constituting  the  space  for  the  steam  at  boiler-pressure. 
These  receiver  pipes  are  connected  with  the  engines  which  they  supply  by 
S  copper  pipes  of  4  inches  and  6  inches  diameter  respectively,  the  copper 
pipes  serving  as  expansion-joints;  the  expansion  in  the  12-foot  interval 
between  No.  II  and  No.  Ill  engines  amounting,  with  200  lbs.  of  steam  in 
the  jackets,  to  025  inch. 

The  arrangement  of  the  steam-pipe  which  supplies  the  receivers  was 
adopted  in  order  that  the  steam  might  be  dry.  This  pipe  leads  from  a  water- 
separator,  as  a  2i-inch  pipe  which  enters  a  jacketed  receiver  No.  I,  4  feet 
long,  lined  with  a  2^-inch  wrought-iron  pipe,  to  prevent  condensation  of  the 
steam  after  leaving  the  separator.  The  receiver  leads  to  a  point  near  No.  I 
engine,  and  is  connected  with  a  casting  in  which  are  two  steam- valves  open- 
ing into  2  inch  copper  pipes  which  lead  to  the  steam-chest  of  No.  I  and  the 


Fig.  7. 


The  positions  of  the  boiler  and  engines,  Fig.  7,  was  adopted  to  allow  not 
only  of  the  water  from  the  jackets  on  the  cylinders,  steam -chests,  and 
receivers  draining  back  into  the  boiler,  but  also  to  allow  of  its  doing  so  when 
the  pressure  of  the  steam  in  the  separator  was  3  lbs.  per  square  inch  below 
that  in  the  boiler. 

To  ensure  this,  the  level  of  the  water  in  the  boiler  is  kept  6  feet  below 
the  lowest  jacket  to  be  drained.  The  boiler-house,  which  is  separated  by  a 
glass  partition  from  the  engine-room,  has  a  floor  5  feet  below  the  engine- 
room,  and  the  level  of  the  water  in  the  boiler  is  1  foot  above  the  engine-room 
floor,  the  boiler  being  20  feet  distant  horizontally  from  the  engines. 

The  steam-pipe,  2^  inches  in  diameter,  takes  the  steam  from  the  top  of 
the  dome  on  the  boiler  and  enters  the  engine-room  2^  feet  above  the  floor; 
immediately  in  the  engine-room  is  a  steam- valve ;  2  feet  from  the  wall  the 
pipe  rises  vertically  8  feet,  then  turns  horizontally  for  10  feet,  and  then 
again  turns  down  vertically  until  it  enters  the  separator.  At  a  height  of 
10  feet  there  is  a  branch  2  inches  in  diameter,  without  a  valve,  which 
supplies  all  the  jackets  with  steam  at  the  pressure  of  the  boiler  less  the 
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resistance  of  the  pipe,  which  is  always  less  than  ^  lb.  on  the  square  inch. 
The  main  pipe  then  enters  the  water-separator  through  a  reducing-valve 
which  lowers  the  pressure  2  lbs. ;  below  this  reducing-valve  is  the  steam-pipe 
leading  to  the  receivers,  and  below  this  again  the  steam-drain  from  the 
jackets  enters  the  separator,  and  3  feet  below  this  the  water  drains  from  the 
jackets.  The  separator  now  descends  as  a  vertical  pipe  IJ  inch  in  diameter 
to  the  floor,  and  then  proceeds  horizontally  until  it  joins  the  feed-pipe  from 
the  economizer  just  before  entering  the  boiler,  having  a  back  valve  and 
a  stop-valve,  and  also  a  blow-off  valve. 

The  separator  for  3  feet  at  its  upper  end  consists  of  a  vertical  cast-iron 
cylinder  6  inches  in  diameter;  it  is  then  reduced  to  a  1^-inch  pipe.  Com- 
municating with  the  separator  at  its  top,  and  at  a  point  1  foot  from  the 
engine-room  floor,  is  a  water-gauge  of  ordinary  construction  except  that  the 
tube  is  6  feet  long.  This  gauge  shows  the  level  of  the  water  in  the  separator. 
When  the  engines  are  standing  with  the  blow-off  shut,  the  water  remains  at 
the  bottom  of  the  gauge.  Any  water  from  the  jackets  drains  back  into  the 
boiler.  If  the  blow-off  is  opened  the  pressure  in  the  separator  falls  and  the 
water  rises  to  balance  the  excess  of  pressure  in  the  boiler,  which  is  shown  by 
the  water-gauge ;  steam  is  drawn  through  the  jackets  as  it  cannot  pass  the 
reducing-valve  until  the  pressure  has  fallen  2  lbs.  below  the  boiler;  in  this 
way  the  engines  are  heated. 

When  the  engines  are  running  they  draw  steam  out  of  the  separator 
below  the  reducing-valve,  and  hence  all  the  steam  is  drawn  through  the 
jackets  until  the  resistance  in  the  passages  reaches  2  lbs.  on  the  square  inch ; 
the  water  in  the  gauge  shows  the  level  at  which  it  stands  in  the  separator. 
When  the  pressure  in  the  separator  is  2  lbs.  below  that  of  the  boiler,  the 
water  in  the  separator  stands  about  5  feet  above  the  floor,  which  is  just  the 
bottom  of  the  6-inch  cylinder;  the  water  then  as  it  enters  the  separator 
gravitates  to  the  boiler.  If,  however,  the  stop-valve  at  the  bottom  of  the 
separator  is  closed,  the  water  is  collected  in  the  6-inch  cylinder,  and,  as  its 
level  is  shown  on  the  gauge,  this  furnishes  a  ready  means  of  measuring  the 
condensation  from  jackets  and  radiation,  which  measurements  may  be  checked 
by  draining  off  the  water  through  the  blow-off. 

In  this  way  the  total  condensation  from  jackets  and  radiation  is  deter- 
mined, and,  on  consideration,  it  will  appear  that  herein  is  an  exact  measure 
of  all  the  heat  supplied  from  the  boiler  over  and  above  that  which  leaves  the 
engines  as  steam.  It  will  also  be  seen  that  the  separator  ensures  complete 
water  drainage  of  the  jackets  and  a  draught  of  steam  through  the  jackets 
and  jacket-pipes. 

The  arrangement  of  jacket-pipes  and  drains,  which  is  very  complex,  was 
necessary  in  order  that  the  walls,  back  and  front  covers,  steam-chest  covers. 


and  receiver-cuveni  far  t^ach  eiigioe  might  be  aeparatelj  jacketed,  and  dmnid 
both  of  steam  and  water.     In  all  there  are  fifteen  separate  jackets. 

To  ensure  an  equal  passage  of  jfteam  through  all  the-se  jackets,  i 
have  been  desirable,  had  it  been  practicabh^,  to  supply  them  in  Bcric?5», 
the  iteam  should  pass  from  one  to  the  other ;  but  this,  for  obvious  rm^nf, 
was  iRipracticable,  and  it  was  necesaary  to  m  arrange  the   pipes  tiiat  tiie 
head  of  steam  to  cause  circulation  through  each  jacket  should  be  neirijr 
equal. 

This  is  accomplished  by  carrying  the  distributing- pipe,  1^  inch  in  diami 
throughout  the  entire  length  of  the  engines,  as  high  as  practicable,  Afeo 
the  steam-collect inij  drain,  1^  inch  in  diameter,  and  the  water-col leetiog 
drain,  1  inch  in  diameter,  and  aminging  thera  so  that  there  might  be  a  Ml 
all  the  way  in  the  direction  in  which  the  steam  was  moving.  A  bmnch  from 
the  steam-pipe  with  a  valve  supplies  each  receiver-jacket  on  the  top,  m4 
a  (Iraiu  frtun  the  bottom  of  each  receiver-jacket  branches  into  two.  one  braneli 
falling  to  the  water- drain,  and  the  other  rising  to  the  ateam-dram,  these 
branches  being  J -inch  and  ^-inch  in  diameter. 

Each  engine  has  a  branch  from  the  distributing-pipe  and  from  each  of  the 
drains,  which  can  be  closed  by  valves.  The  bmnches  fruni  the  two  dmins 
unite  into  one  drain  befoi*e  branching  to  the  jackets.  Then  from  the  distri- 
buting branch  on  each  engine  are  four  branches  leading  respectively  to  the 
four  jackets  on  the  engines,  and  in  the  same  way  four  dm  ins  fmrii  t}w 
four  jackets  unite  in  the  one  branch  from  the  drain.  The  jacket-pipes 
are  of  copper  with  iron  screwed  joints,  except  the  unions,  valves,  and 
flanged-joints  to  the  covers,  which  are  of  brass.  The  system  is  extremely 
complex,  but  nothing  short  of  this  would  suffice  for  the  special  purpose 
of  these  engines.  There  are  twelve  steam- values,  thirty  flange  connec- 
tions, and  more  than  forty  unions,  and  about  one  hundred  elbows,  tees, 
and  running-joints.  The  use  of  running  joints  was  a  mistake ;  they  were 
adopted  for  simplification,  but  they  should  have  been  unions,  it  being 
found  very  difficult  to  make  the  back  nuts  stand.  They  were  first  tried 
with  red-lead  and  hemp  in  the  ordinary  way;  this  stood  a  pressure  of 
200  lbs.  per  square  inch  for  about  two  days.  The  couplings  were  then  faced, 
and  nothing  but  a  little  putty  was  used,  but  these  failed.  Then  another 
method  was  tried  which  has  answered  well,  and  the  whole  system  has  been 
working  practically  tight. 

The  GoveHng  of  CylinderSy  dx. — The  temperature  of  the  steam-jackets, 
about  400°  Fahrenheit,  rendered  the  covering  of  the  steam-pipes  and 
cylinders  a  matter  of  first  importance,  not  only  to  prevent  loss  of  heat  by 
radiation,  but  to  render  it  possible  to  operate  near  the  engines.  In  the  first 
instance,  the  cylinders  and  receivers  were  surrounded  with  2  inches  of  glass- 
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wool,  and  lagged  with  2  inches  of  baywood,  but  the  glass-wool,  being  found 
to  create  gritty  dust,  was  removed,  and  an  inner  lagging  of  soft  pine 
substituted  for  it.  The  steara-chast  covers  and  the  water-separator  were 
also  lagged  in  the  same  way;  while  all  the  steam-pipes,  except  the  copper 
expansion-pipes  and  jacket-pipes,  which  could  not  be  brought  under  cover 
of  the  wood  lagging,  have  been  covered  with  2  inches  asbestos  cement. 

The  Surface-condenser  is  of  the  toi-pedo-boat  type  of  thin  copper,  14  inches 
in  diameter,  and  4  feet  long.  It  has  about  160  square  feet  of  heating-surface, 
and  receives  the  steam  by  an  8-inch  exhaust-pipe  from  the  12-inch  engine. 

The  Air-pump,  working  by  side  levers  from  the  slide-block  of  the  12-inch 
engine,  is  9  inches  in  diameter,  with  a  4^-inch  stroke,  with  foot- valve,  piston- 
valve,  and  cover- valve,  and  is  designed  to  work  up  to  400  revolutions  per 
minute. 

The  condenser  and  air-pump  are  conveniently  placed  on  a  bracket  on  the 
standard  of  the  12-inch  engine,  which  also  forms  a  stage  for  indicating  the 
engine.  This  stage  is  5  feet  from  the  floor,  which  gives  suflScient  but  not  too 
much  room  for  conveniently  measuring  the  water  ftx)m  the  hot- well,  and  the 
condensing  water. 

The  Feed-pump, — This  was  adopted  in  order  to  maintain  a  regular  feed 
in  the  boiler,  as  well  as  to  enable  the  water  from  the  hot-well  to  be  returned 
to  the  boiler.  It  is  worked  from  the  rocking-shaft  of  the  air-pump  levers ;  it 
has  a  plunger  1^  inch  in  diameter  with  a  2-inch  stroke,  and  draws  water  from 
a  feed-tank  3  feet  below  it,  discharging  into  a  feed-pipe,  which,  together 
with  the  economizer  or  water- heater,  leads  through  70  feet  of  1  J-inch  pipe  to 
the  boiler.  The  inertia  of  this  column  of  water  becomes  very  considerable 
when  the  speed  is  as  great  as  400  revolutious  per  minute,  and  this,  together 
with  the  200  lbs.  pressure,  seemed  to  render  it  doubtful  whether  the  pump 
would  answer.  However,  by  means  of  a  special  device,  a  cushion  of  air  or 
steam  was  provided  about  4  feet  from  the  pump,  and  by  another  device  the 
pump  was  made  to  start  itself,  notwithstanding  the  3-feet  draw,  so  that  the 
pump  works  silently  and  without  trouble  up  to  400  revolutions. 

The  Oovemors. — For  the  special  investigations  into  the  action  of  steam, 
governors  were  unnecessary.  The  load  on  the  engines  being  constant,  the 
cuts-off  fixed,  and  the  supply  of  steam  regular,  small  variations  of  speed 
would  be  of  no  moment ;  while  any  alteration  of  the  pressures  of  steam  or 
cut-oflF  by  the  governors  would  only  confuse  the  trials;  besides  which,  the 
problem  of  governing  engines  working  in  conjunction  as  regards  steam,  but 
on  separate  brakes,  was  altogether  a  new  one.  At  the  same  time,  as  a  matter 
of  safety,  the  complexity  of  the  system,  the  number  and  inexperience  of  the 
observers  engaged  at  any  time  on  the  engines,  the  extreme  circumstances  as 
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regards  the  steam -pressure  and  ^peed  under  which  the  engines  were  desdgtirtl 
to  work,  rendered  it  inipemtive  that  tlie  engines  should  be  so  far  goveniiMl, 
that  under  no  mrcumst*inces  could  the  speeds  exceed  a  safe  lituit,  whicb,  with 
tba  5-foot  eaBt*imn  fly-wheels  on  tha  shafts,  would  be  about  GOO  revolntiotu 
per  mmuta  m 

To  meet  both  tbe^e  considerations,  what  seemed  to  be  nece^^m^  wa« 
a  flafety -governor,  which,  while  it  would  interfere  in  no  way  with  the  passage 
of  ateam  at  speeds  below  t  he  limit,  would  with  the  utmost  certainty  cat  off 

steam  at  some  definite  speed  before  the  limit  was  reached. 


To  ensure  certainty  of  action,  it  was  necessary  that  the  governor  shouU 
be  permanently  geared  to  the  engine,  and  not  merely  engaged  by  a  belt 
And  to  secure  rapidity  of  action  when  once  the  limit  of  8peed  was  reached, 
it  was  desirable  that  there  should  be  as  little  room  as  possible  for  statni 
between  the  governing- valve  and  the  piston;  in  other  wonfa,  that 
governor  should  eli>se  the  expansion- valve. 


1 


The  Meyer  expansion-valves,  which  had  been  selected  bs  peculiarly 
suitable  for  the  purposes  of  these  engines,  actuated  as  they  are  by  screws 
of  such  moderate  pitch  that  it  requires  five  or  six  turns  to  close  the  valves, 
are  not  susceptible  of  being  opened  and  closed  by  the  direct  force  of 
governor-balls*  It  therefore  became  necessary  to  adopt  some  form  of  engage- 
ment-governor which,  instead  of  acting  on  the  valve,  should  act  on  a  clutch 
which  engaged  the  crank -shaft  of  the  engine  with  the  valve-spindle  when  the 
limit  of  speed  was  reached.  The  clutch  here  adopted  is  the  Author  s  spiral 
steel  band-clutch.  This  clutch,  which  requires  almost  an  insensible  force  to 
engage  it,  is  absolutely  certain  in  its  hold. 

In  order  to  operate  on  the  valve-spindle  it  was  necessary  to  use  two  pair 
of  bevel-wheels,  which  could  not  be  made  less  than  4  inches  and  6  inches  in 
diameter.  To  throw  this  train,  of  wheels  suddenly  into  gear  with  a  shaft 
making  400  revolutions  per  minute  seemed  a  doubtful  proceeding,  but  such 
is  the  softness  of  action  of  the  clutch,  although  there  is  no  slipping,  that 
there  is  neither  noise  nor  shock.  The  engagement  is  silent  and  instan- 
taneous, so  that  unless  special  attention  is  directed  to  it  the  movement  of  the 
10-inch  hand- wheel  will  probably  escape  notice.  The  clutch  is  as  good 
in  disengagement  as  in  engagement,  and  will  release  the  shaft  before  it  has 
turned  more  than  5°  or  10°. 

Although  the  main  object  of  these  governors  was  that  of  a  safety- 
governor,  opportunity  was  taken  to  so  design  them  that  they  should,  if 
required,  open  the  valve  as  the  speed  fell,  as  well  as  close  it  as  it  rose, 
arrangements  being  made  to  prevent  hunting.  The  governors  so  obtained 
are   extremely   efficient,   and   afford   an   excellent   means   of  studying  the 
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action  of  governors.  During  the  steam  trials,  however,  they  ai'e  simply 
set  to  act  as  safety  governors,  which  they  have  done  to  perfection,  never 
having  been  out  of  action,  or  having  allowed  the  speed  of  the  engine  to 
exceed  the  limit  to  which  they  are  set. 


Fig.  8. 

The  boiler  (Fig.  8)  is  of  the  locomotive  type  with  iron  tubes  and 
fire-box,  the  shell  being  of  steel  -^  inch  thick.  The  tubes  are  2  inches  in 
external  diameter  and  8  feet  long,  giving  160  square  feet  of  tube  surface. 
The  fire-box  is  ^  inch  thick,  2  feet  3  inches  by  2  feet  4  inches,  4  feet  high, 
giving  42  square  feet  of  heating-surface. 

The  area  of  the  grate  as  used  is  not  more  than  4  square  feet. 

The  boiler  is  funiished  with  a  dome,  from  the  top  of  which  the  steam- 
pipe  descends  and  passes  out  at  the  side. 
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The  feed  ontors  Urn  bDtler  jtigt  below  the  water-lovei  and  in  front  of  th« 
fire-bux. 

There  is  an  iron  8moki*'box  at  the  end  of  the  boiler  from  which  there  at^ 
several  pagsages  for  the  gases.  The  usual  passage  is  beneath  the  bami 
of  the  boiler,  8  feet  bnwicl  and  6  inches  deep,  and  abcmt  6  feet  long,  proced* 
ing  at  a  slight  inclination  downwards  towards  the  fire-box;  across  this  pa^aagt 
the  feed-pipe  ranges  backwards  and  forwards,  and  a  series  of  scrapers  azt 
worked  to  keep  the  pipes  clean.  The  pipes  cross  forty  time^i  and  give  aboiil 
50^uare  feet  of  heat ing-s^iir face,  4(>  .s<juare  feet  of  which  is  kept  clean  by  thr 
scrapers*  In  this  arraugernent  the  water  ascends  in  the  opposite  direction  U\ 
that  in  which  the  gases  descend  The  gases,  after  emerging  from  the  waki^ 
heater,  descend  into  a  flue  leading  to  the  chimney,  which  is  100  feet  high, 
and  takes  the  gases  from  other  furnaces,  aftbrding  generally  abi^ut  J  inch 
draught. 

The  boiler  and  water*heater  are  enclosed  in  a  brick  chamber  arched  over. 
This  chamber  is  6  feet  wide  and  9  feet  high,  extending  from  the  fitint  of  the 
fire-box  to  the  end  of  the  smoke-box. 

At  the  fire-box  end  a  second  chamber  is  built  6  feet  by  6  feet  and  8  feet 
high.    This,  by  shutting  a  dotir,  becomes  a  closed  stake-hold,  into  which  a  faa  « 
can  be  used  to  force  air  at  any  pressure  up  to  2  inches  of  wat^r. 

In  this  chamber  h  an  injector,  a  feed-tank,  and  water-supply,  a  window 
looking  at  the  safety- valves,  and  a  window  into  the  engine-room,  alsa  i 
tumbling-hopper  for  admitting  coal. 

There  are  two  1-inch  dead-weight  safety-valves  on  the  boiler,  loaded  to 
200  lbs.  on  Schatfer  and  Budenberg  s  gauges,  i.e.,  400  inches  of  mercury, 
as  well  as  the  usual  fittings. 


The  Measuring  Appliances. 

These,  in  respect  of  the  brake-dynamometers,  the  indicating  gear,  the 
gauge  for  jacket- water,  and  the  tumbling-bay  and  tank  for  the  condensing 
water,  are  of  a  permanent  character.  Provision  is  also  made  for  measuring 
the  temperature  of  the  gases  in  the  smoke-box  as  they  emerge  from  the 
tubes,  and  in  the  flue  as  they  leave  the  water-heater,  and  for  measuring  the 
temperature  of  the  feed  befoie  passing  the  pump,  as  it  enters  the  boiler  after 
passing  the  water- heater. 

The  condensing  water  is  drawn  from  an  iron  tank  20  feet  by  10  feet  by 
10  feet,  about  116  feet  above  the  engine-room  floor.  A  permanent  mercurial 
gauge  in  the  engine-room  always  shows  the  level  of  water  in  this  tank. 
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The  great  head,  although,  of  course,  a  waste  of  power,  is  of  advantage  in 
securing  regularity  of  flow.  The  water  after  leaving  the  condenser  enters 
a  cast-iron  tank,  4  feet  by  18  inches  by  18  inches,  from  which  it  issues  over 
a  tumbling-bay  4  inches  wide  ;  in  the  tank  are  bafflers  and  a  float,  with 
a  scale  graduated  to  show  in  lbs.  per  minute  the  quantity  running  over 
the  bay.  The  water  is  then  caught  in  a  second  receiving  tank  and  conducted 
to  an  underground  concrete  tank  20  by  9  feet  by  11  feet,  the  level  of  water 
in  which  is  shown  in  the  engine-room  by  a  water-gauge,  and  also  indicated 
outside  by  a  float.  This  tank,  which  has  been  accurately  measured,  affords 
a  very  exact  means  of  checking  the  indications  of  the  float  in  the  tumbling- 
bay. 

The  upper  tank  holds  12,000  gallons  of  water,  which  can  be  passed 
through  the  condenser  before  the  tank  is  empty.  When  the  upper  tank  is 
empty,  if  more  water  is  required  the  quadruple  centrifugal  pump  is  set 
in  motion,  which  raises  the  water  at  the  rate  of  10,000  gallons  an  hour  from 
the  lower  to  the  upper  tank ;  but  it  is  seldom  necessary  to  resort  to  this. 
The  temperature  of  the  condensing  water  is  measured  by  a  thermometer 
in  the  pipe  leading  to  the  condenser,  and  after  leaving  the  condenser  by 
a  thermometer  in  the  float-tank. 

The  water  from  the  hot-well  flows  into  an  oil-separating  tank,  from  which 
it  overflows  on  opening  a  cock,  and  is  caught  in  a  100-lb.  tip-can  after 
Mr  Bryan  Donkin's  pattern,  from  which  it  may  be  tipped  into  the  feed-tank, 
so  that  the  feed  and  hot-well  discharge  is  measured  at  one  operation. 

The  condenser  is  furnished  with  a  mercurial  gauge,  which  shows  the 
absolute  pressure  in  the  condenser;  also  by  a  Bourdon  vacuum-gauge,  and 
the  temperature  of  the  <lischarge  from  the  hot- well  is  measured  by  a  ther- 
mometer in  the  hot-well.  The  water,  resulting  from  radiation  and  jacket 
condensation,  is  measured  in  the  water-separator. 

The  pressures  in  the  receivers  are  shown  by  Bourdon  gauges,  graduated 
to  lbs.,  which,  on  the  authority  of  Messrs  Schaffer  and  Budenberg,  means 
2  inches  of  mercury — a  fact  which  it  is  important  to  know  in  comparing 
these  pressures  with  the  indicated  pressures. 

Each  engine  is  provided  with  a  counter  for  recording  the  revolutions. 

The  Indicating  Gear  (Fig.  1). — The  indicator  cocks  have  a  clear  ^-inch 
way  into  the  cylinder,  the  cock  being  placed  at  the  end  of  a  stiff  brass  tube 
screwed  horizontally  into  the  cylinder,  and  reaching  through  the  4  inches  of 
lagging.  The  cock  itself  forms  an  elbow,  to  allow  the  indicator  to  have 
a  vertical  position. 

The  cocks  from  the  back,  and  from  the  front  of  each  cylinder  are  in  the 
same  vertical  line,  so  that  the  indicators  stand  vertically  over  each  other  in 


Fig.  9. 

In  all  cases  the  indicators  are  some  feet  above  the  levers,  and  while  the 
motion  of  the  levers  is  vertical,  that  of  the  drums  is  horizontal.  The  connec- 
tion of  the  drum  with  the  lever  could  be  made  by  a  simple  cord  or  wire 
passing  over  the  roller  on  the  indicator  drum  down  to  the  lever ;  but  con- 
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sidering  that  the  chief  function  of  the  engines  was  to  be  regularly  indicated, 
and  this  by  inexperienced  hands,  aud  that  the  speeds  would  sometimes  be 
such  that  the  ordinary  method  of  hooking  up  would  be  impracticable,  some 
more  convenient  and  permanent  arrangement  seemed  desirable.  The  Author 
was  thus  led  to  a  device  which,  from  its  simplicity  and  convenience,  par- 
ticularly in  the  matter  of  hooking  up,  as  well  as  its  effect  in  diminishing 
errors  arising  from  the  stiflFness  and  stretching  of  the  cord,  seems  likely  to  be 
generally  useful. 

This  method  consists  of  a  |-inch  pin  with  a  head  in  the  side  of  the  lever, 
a  light  brass  plate  J-inch  thick,  with  a  button-hole  to  permit  its  passing 
over  the  head  of  the  pin,  and,  when  pulled  up  against  the  pin,  allowing  of 
considerable  wear.  To  this  brass  is  attached  a  steel  wire  19  B.W.G.,  long 
enough  to  reach  beyond  the  furthest  indicator,  that  on  the  back  of  the 
cylinder,  the  wire  being  held  up  by  a  spiral  wire  spring  of  such  length 
and  stiffness  that  it  will  stretch  6  inches  under  a  force  of  25  lbs.  without 
causing  undue  stress  in  the  wire. 

The  wire  connecting  the  lever  with  the  spring  passes  the  indicators,  and 
is  furnished  in  convenient  positions  with  two  buttons  for  hooking  on  the 
cords  of  each  of  the  indicators.  This  is  effected  by  having  a  light  forked 
hook  attached  to  the  end  of  the  cord,  which  has  only  to  be  pulled  beyond 
the  button,  and  one  limb  of  the  fork  placed  on  each  side  of  the  wire  and 
then  let  go,  when  the  spring  of  the  drum  pulls  the  hook  up  against  the 
button.  Thus  hooking  up  can  be  accomplished  with  facility  and  certainty 
at  whatever  speed  the  indicator  is  running.  The  length  of  the  cord  is 
reduced  to  a  minimum  at  both  ends  of  the  cylinder. 

In  these  engines,  where  the  pistons  of  the  indicators  have  a  motion 
parallel  to  that  of  the  pistons  of  the  engines,  the  cord  has  to  turn  a  right 
angle  between  the  drum  and  the  hook.  This  might  be  effected  by  the 
rollers  on  the  indicator ;  but  as  they  are  usually  very  small  and  not  adapted 
for  wear,  two  clips  are  made  to  pinch  on  to  the  indicator  cocks  on  the 
cylinder.  The  clips  have  circular  sockets  in  line  with  the  motion  of  the 
piston  of  the  engine  with  a  set-screw;  through  these  passes  a  ^-inch  steel 
rod,  long  enough  to  carry  an  adjustable  arm  to  hold  the  end  of  the  spring, 
and  two  adjustable  rollers  2  inches  in  diameter  for  the  cords  to  pass  over. 

The  Hydraulic  Brake  Dynamometers  (Figs.  10  to  14). — These  are  a  very 
important  feature  of  the  system.  They  are  the  result  of  a  special  investi- 
gation as  to  the  possibilities  afforded  by  hydraulic  brakes,  undertaken  by 
the  Author  during  the  time  when  the  engines  were  under  the  consideration 
of  the  Committee  and  before  anything  was  decided. 

Having  had  a  great  deal  of  experience  with  almost  every  conceivable 
o.  B,   II.  23 


fonn   of  friction   bmk<^^  the   Author  had  arrived   at   the  ccmclasion  t 

although  it  i^  |>fn*?^iblf*  tti  c^uiBtrnct  .'Jtieh  hrak©«  to  work  with  almost 


Fig.  10. 


Fig.  11. 


degree  of  accuracy,  certain  inconveniences  and  drawbacks  attend  their  «se 
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in  all  cases  leave  much  to  be  desired,  particularly  where,  as  in  a  case 
lis,  work  on  the  brake  is  the  sole  object  of  the  engines. 


Fig.  12. 


Fig.  13. 


Such  brakes  require  constant  observation  and  watching. 

A  single  engine  cannot  be  started  without  relieving  the  load. 

Such  brakes  are  cumbersome  and  are  not  easily  adapted  to  measure 
'  dififerent  powers. 

Any  particular  brake  cannot  without  considerable  pulling  about,  such 
gether  removing  the  brake  and  brake-wheel,  be  rendered  altogether 
ry.     Tt  was  desirable  : — 

23—2 


Fig.  14. 

2.  That  they  should  leave  the  engines  free  to  start,  and  then  take  up 
their  load  without  attention. 

8.     That  they  should  be  put  on  and  oflF  by  a  simple  operation. 

4.  That  when  turned  off  they  should  oflFer  no  sensible  resistance  to  the 
engines. 

5.  That  they  should  be  capable  of  being  so  adjusted  as  to  impose  any 
particular  resistance,  from  zero  to  the  greatest,  at  any  speed  at  which  it  was 
desired  to  run  the  engines. 

6.  That  the  resistance  of  the  brake,  when  once  adjusted,  should  be 
independent  of  the  speed  of  the  engine. 

7.  That  the  necessary  size  and  structure  of  the  brakes  should  not  be 
such  as  to  incommode  or  hamper  the  engines. 

8.  That  the  resistance  of  the  brake  should  admit  of  absolute  determin- 
ation from  a  single  observation. 
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Of  these  attributes  1  and  2  belong  to  all  fluid  resistance,  such  as  that  of 
the  screws  of  steam-ships  or  centrifugal  pumps,  in  which  cases  the  resistance, 
varying  as  the  square  of  the  speed,  is  zero  when  the  engines  start. 

If  the  casing  of  a  centrifugal  pump,  or  the  tank  in  which  a  paddle  or 
screw  works,  be  suspended  on  the  crank-shaft,  making  a  complete  balance 
when  the  shaft  is  at  rest,  then,  when  the  shaft  is  in  motion,  the  moment 
of  resistance  on  the  shaft  will  be  exactly  equal  to  the  moment  to  turn  the 
casing  round  the  shaft.  This  can  be  readily  and  absolutely  measured  by 
suspending  weights  at  a  definite  horizontal  distance  from  the  shaft.  The 
first  published  account  of  this  form  of  brake  having  been  made  use  of  for 
dynamometric  measurement  was  by  Him*,  in  his  investigation  for  the 
verification  of  Joule's  mechanical  equivalent  of  heat,  and  was  subsequently 
adopted  by  Joule  in  his  second  determination. 

In  neither  of  these  cases,  to  the  Authors  knowledge,  was  there  any 
attempt  to  vary  the  resistance  at  a  constant  speed. 

Having  occasion  to  use  a  dynamometer  for  measuring  the  resistance  on 
the  shaft  of  a  multiple  steam-turbine  at  speeds  of  12,000  revolutions  per 
minute,  which  was  engaging  his  attention  in  1876,  the  Author  made  use 
of  a  brake,  having  a  centrifugal  pump  suspended  on  the  shaft  and  working 
into  itself  The  resistance,  or  head  against  which  the  pump  was  working, 
was  regulated  by  a  valve  between  the  exit  and  inlet  passages,  that  is, 
in  the  external  circuit  made  by  the  water.  This  was  brought  before  the 
Mechanical  Section  of  the  British  Association  in  1877.  At  the  same 
meeting,  Mr  William  Froude  gave  an  account  of  his  hydraulic  brake,  for 
measuring  the  power  of  large  engines,  in  which  the  resistance  was  regulated 
on  the  same  principle  as  that  adopted  by  the  Author,  namely,  by  adjusting 
diaphragms  or  sluices  in  the  passages  between  the  revolving  wheel  and  the 
casing.  In  other  respects  Mr  Froude*s  brake  dififered  essentially  from  any 
of  those  previously  used,  being  designed  to  obtain  a  maximum  resistance 
with  a  given  sized  wheel.  For  this  purpose  Mr  Froude  invented  an  internal 
arrangement  which  afifords  a  resistance  out  of  all  comparison  with  any  other 
form. 

Since  great  resistance,  admitting  of  small  brakes,  was  of  extreme  import- 
ance for  these  engines,  the  first  step  in  the  special  investigation  was  the 
construction  of  a  model  Froude's  brake  with  a  4-inch  wheel ;  the  object 
of  which  was  to  ascertain  how  far  the  sluices  would  act  in  maintaining  a 
constant  resistance  at  any  particular  speed,  and  what  was  the  minimum 
resistance  when  the  sluices  were  closed. 

With  this  brake  it  was  found  that  the  minimum  resistance  was  about 
*  Th€orie  micanique  de  la  Chaltur,  2ud  edition,  1S65,  p.  65. 
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Q'OH  nif  i\w  inriximiim ;  a  hardly  saibfactory  moge,  considering  tt  vmu^  dis^imt 
tn  run  f  hr  etiigitiew  at  a  congtaut  loa/1  at  from  100  to  400  revolutions  \Kt 
luiiujk^  the  max im lira  resbtance  of  the  brake  ranging  from  1  to  16,  !*o  that 
thf^  mini  mil  111  at.  400  would  be  2G  per  cent,  greater  than  the  maxitimin  U 
100  f-evolutioim,  aptirt  from  tht>  IViet  that  closing  the  !»luioo»s  would  not  reader^ 
th<t  brake  nugatory* 

ThiJ!^,  however,  wae  of  BrnM  importance  compan^l  with  another  fatt 
revealed  by  these  experimentB.  Wh&a  the  sprt^d  of  the  brake-wheel 
exceeded  a  certain  small  limit,  determined  by  the  hmd  of  water  mid^r 
which  it  was  working,  the  maximum  resistance  gradually  fell  off  in  a 
^urpriHing  and  wmiewbat  irregular  manner.  This  falling  off  wa&  found  Ui 
he  owing  to  the  bmke  |iartially  emptying  itself  of  water,  due  to  the  air 
thm\  the  water  gradiuilly  u<!C!iimulating  in  the  ceutrt?  of  the  Tortex — a  fact 
which,  if  not  dealt  with,  thrctiteued  to  render  such  brakes  UBelei^  far  the 
purpse  of  the!^e  engines. 

The  argument  was  liimple :  in  a  vortex  the  pressure  at  the  centre  is  lees 
than  the  preasure  at  the  outside.  The  preaiure  at  the  outside  in  thesa 
brakes  itJ  determined  by  the  atmosphere;  and  the  small  head  under  which 
they  are  M^orking;  and  the  tiuUiide  forms  a  closed  surface.  The  pr^sfeurc 
at  the  centre  will  therefore,  at  different  ispeeda,  fall  below  the  pressure  of 
the  atmo^pbera  Air  will  be  drawn  from  the  water  and  accumulated  in  the 
centre,  occupying  the  space  of  the  water  utid  diTi>iTushiiig  the  re^i-^taBtv; 
and,  owing  to  various  causes,  the  action  will  be  irregular.  This  would  be 
prevented  if  passages  could  be  carried  through  the  outside  to  the  axis  of 
the  vortex,  carrying  a  supply  of  water  at  or  above  the  pressure  of  the 
atmosphere,  so  as  to  prevent  the  pressure  at  this  point  falling  below  that  of 
the  atmosphere.  This  was  accomplished  by  perforating  the  vanes  of  the 
wheel,  and  supplying  water  through  the  perforations.  It  also  appeared 
that,  by  having  similar  perforations  in  the  casing  open  to  the  atmosphere, 
the  pressure  at  the  centre  of  the  vortex  could  be  rendered  constant,  whatever 
the  supply  of  water  and  speed  of  the  wheel ;  so  that  it  would  then  be 
possible  to  run  the  brake  partially  full,  and  regulate  the  resistance,  from 
nothing  to  the  maximum,  without  the  sluices.  These  conclusions  having 
been  verified  on  a  model,  it  was  decided  to  arrange  the  engines  with  the 
shafts  in  line,  with  three  brakes  on  the  shafts ;  and  the  brakes,  with  18-inch 
wheels,  were  designed  according  to  the  resistance  given  by  the  model.  The 
brakes  promised  all  the  attributes  desirable,  except  that  of  running  with  a 
constant  load  under  varying  speeds.  This  matter  was  considered  during  their 
construction,  and  an  automatic  arrangement  was  devised  acting  on  cocks 
regulating  the  supply  and  exit  of  the  water  to  and  from  the  brake  necessary 
to  keep  it  cool,  the  lifting  of  the  lever  opening  the  exit  and  closing  the 
supply,  so  as  to  diminish  the  quantity  in  the  brake,  and  vice  verm. 
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The  danger  of  such  an  arrangement  hunting  was  carefully  considered, 
and  precautions  were  taken.  The  brakes  were  constructed  by  Messrs  Mather 
and  Piatt  at  the  same  time  with  the  engines,  and  the  engines  started  with 
the  brakes  and  automatic  gear  complete.  During  the  twelve  months  they 
have  been  running  the  brakes  have  demanded  and  received  no  attention 
whatever.  They  are  easily  tested  for  balance.  They  have  neither  fixed  nor 
spring  attachment,  except  the  bearing  on  the  shaft.  They  are  loaded  on  a 
4-foot  lever,  with  2-inch  play  between  the  stops.  When  the  speed  of  the 
engines  reaches  about  20  revolutions  per  minute,  the  levers  rise  (whatever 
load  they  have  on),  and,  though  always  in  slight  motion,  they  do  not  vary 
J-inch  until  the  engines  stop ;  during  the  run  the  load  on  the  brakes  may 
be  altered  at  will,  without  any  other  adjustment. 


The  Engine  Trials. 

Before  commencing  the  trials,  the  object  to  which  they  were  to  be 
directed,  and  the  manner  in  which  they  should  be  conducted,  were  carefully 
considered,  and  it  was  decided : — 

1.  That  the  purpose  of  the  trials  should  be  the  elucidation  of  the  general 
laws  of  the  action  of  steam  in  the  steam-engine,  and  the  more  general  circum- 
stances on  which  these  laws  depend. 

2.  That,  from  the  commencement,  the  trials  should  be  systematic; 
certain  definite  conditions  being  aimed  at,  and  the  trials  under  each  set 
of  conditions  continued  until  consistent  results  should  be  obtained,  showing 
how  far  the  conditions  had  been  achieved. 

3.  That  there  should  be  no  casual  nor  unrecorded  trials,  but  that  all 
trials  should  be  considered  of  the  same  degree  of  importance. 

4.  That  observations  should  be  noted  and  reduced  on  special  forms 
according  to  a  definite  system,  to  be  carefully  preserved  for  future  reference ; 
and  that  a  synopsis  of  the  mean  results  of  each  trial  should  be  entered 
forthwith  in  a  special  record  for  ready  comparison. 

The  trials  have  all  so  far  been  conducted  as  part  of  the  regular  work 
of  the  laboratory,  under  the  superintendence  of  the  Author,  Mr  Foster 
(assistant  in  the  laboratory)  having  general  charge  of  the  appliances,  and 
the  fireman  (Mr  Joseph  Hall)  firing  and  driving  the  engines.  The  detailed 
observations  were  taken  and  reduced  by  students  (about  fourteen  on  each 
trial)  under  the  supervision  of  Mr  Mackinnon,  demonstrator  of  the  laboratory. 

Diagrams  are  taken  every  half-hour  simultaneously  from  the  six  ends  by 
six  students,  who  have  charge  of  their  respective  indicators  for  the  trial. 


i 


The  mmut  utirioiitir  Abo  iwlacc  ibe  dngrmnss  m  ib#  iuu*rvabk  Tlie  ibM* 
iriirtiiii  mtm  wmA  mfmj  ten  mmnl^  hf  thrm  anod^iitii,  wbo  have  reepeetirely 
elisife  of  tlie  mmm%em  sad  niajiii>g  of  th^  ihf«<e  engtaefi.  c^eulalbg  tht' 
bmie  II  .>r.  aft  ibe  itial  ptoeetds^  and  oocing  rnnjr  ciicumetajiDe  cotuieetd 
witll  tli«  f««Utiee  or  ninnu^  i»f  the  engioe 

Oem»  niiideiil  hasi  charge  of  ibe  100  lb,  Up-cao.  which  measures  the  «»l«f 
froiD  Ibe  hoi*wirn  ;  aiMl  another  faaa  charge  of  tb&  coodeosiii^  wmter,  noliif 
IImi  IttDpftmttire  mod  qiiaiitiiy  given  hv  the  floal  ev^tj  t€ti  miiitite&  Anotiier 
iltidciit  tneasare^  the  m6e  of  didchatge  (torn  the  jacketg  eren^  half-boiu.  A 
irtnckfit  waichei  the  coal-weighing  and  firing*  A  student  takes  the  t^m- 
pefmltire^  of  ihe  hot-well  ainl  feed  before  and  after  pftsaliig  the  eeonomizei, 
and  the  terapenilure  of  the  air  in  the  ^looke-box  and  flue  before  and  after  I 
pMMing  the  economizer.  Each  b^tudent  redness  hh  ob^natians  b^  he  pm-  * 
eecds,  m  that  within  a  few  luinuieia  of  the  end  of  the  trial  the  i^^uclioii  i^ 
eompltted 

The  neeiillA  are  iheti  examined  bj  Mr  MacktoDon.  checked  and  entered 
.  Ibe  penaanent  record,  the  original  diagtatns  and  notai  of  eaeh  trial  beiof 
esrefti%  preaerved. 

Two  series  of  triak  have  been  conducted,  the  one  by  regular  students 
betwi-en  9,80  a,M.  and  5.30  RSL  The  other  by  evening  studeota  between 
6,30  RM.  and  9  PJtf,,  one  of  each  series  being  made  every  week  J 

In  the  day  trials  the  fire  is  lighted  the  first  thing  in  the  morning,  and 
steam  is  got  up  quietly.  As  the  steam  rises  it  is  blown  freely  through  the 
jackets  to  heat  the  engines.  If  the  trial  is  to  be  made  with  jackets,  the 
blowing  through  all  the  jackets  is  continued  until  the  boiler-pressure  reaches 
200  lbs.  on  the  gauges.  Should  the  trial  be  without  jackets,  the  jacket- 
covers  on  the  low-pressure  engine  are  closed  when  the  pressure  has  reached 
about  40  lbs.,  and  the  air-cock  is  opened ;  those  on  the  intermediate  cylinder 
when  the  pressure  reaches  about  80  lbs.,  and  those  on  the  high-pressure 
cylinder  at  200  lbs.  In  all  cases  the  engines  are  started,  and  are  allowed 
to  run  just  as  required  for  the  trial  for  one  hour.  The  engines  are  then 
stopped  fifteen  minutes  before  the  trial,  the  fire  is  drawn,  and  the  readings 
of  the  counters  and  level  of  the  water  in  the  boiler  and  tanks  are  taken; 
14  lbs.  of  wood  and  14  lbs.  of  coal  are  allowed  for  the  waste  of  relighting, 
starting,  and  stopping.  The  run  then  commences ;  the  coal  is  weighed  out 
in  charges  of  100  lbs.,  each  charge  being  shot  from  the  scale-pan  into  the 
hopper  in  the  firing-chamber,  and  completely  consumed  before  the  next 
weighing  is  admitted. 


The  boiler  is  fed  continuously  by  the  feed-pump,  either  from  the  water 
from  the  hot-well  or,  in  some  trials,  from  the  water  from   the   condenser. 


t 
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The  runs  have  generally  been  for  six  hours,  except  when  forced  draught  is 
used,  in  which  case  they  are  about  four  hours. 

After  the  last  coal  has  been  put  on  the  fire,  the  engines  are  run  as  long 
as  steam  can  be  kept  up,  care  being  taken  to  bring  the  level  of  the  water  in 
the  boiler  at  stopping  exactly  to  that  at  starting,  any  difference  being  allowed 
for  as  15  lbs.  for  each  -^  inch. 

The  ashes  which  fall  through  the  bars  are  burned  during  the  trial,  and 
the  ashes  after  the  trial  are  generally  weighed,  but  no  account  is  taken  of 
them,  nor  of  any  fuel  that  may  be  left  in  the  grate. 

This  was  adopted,  after  trying  several  systems,  as  being  workable  and 
very  definite ;  nor  does  it  appear,  on  comparing  the  results  from  the  long 
with  those  of  the  short  trials,  that  the  one  has  any  sensible  advantage  over 
the  other.  During  the  experiment  the  regulator  is  fully  open,  and  a  definite 
quantity  of  water  run  through  the  condenser.  The  engines,  therefore,  take 
all  the  steam  the  boilers  will  produce,  the  load  on  the  brakes  just  balancing 
the  pressure  of  steam,  so  that  the  speed  is  regulated  by  the  rate  at  which 
steam  is  made  in  the  boiler,  that  is,  by  the  draught-gauge.  As  it  was 
intended  that  the  scope  of  these  trials  should  include  as  far  as  possible  all 
conditions  under  which  steam  may  be  used,  there  was  no  particular  reason 
for  commencing  with  one  set  of  conditions  rather  than  another,  except  such 
as  arose  from  convenience,  and  out  of  consideration  for  the  engines  them- 
selves. The  fact  that  the  engines  were  new,  and  wanted  running  to  bring 
the  bearings  into  order,  as  well  as  the  number  of  students  to  be  employed, 
led  to  the  first  series  of  trials  being  made  with  triple  expansion  and  full 
pressures  of  steam. 

The  Results  of  the  Trials. 

The  trials  commenced  in  March  1888,  and  were  continued  at  the  rate 
of  two  a  week  till  June ;  in  all  twenty  trials  were  made  and  recorded,  the 
engines  being  then  complete  with  the  exception  of  lagging. 

These  early  trials  with  200  lbs.  pressure  triple  expansion,  with  and 
without  steam-jackets,  and  various  degrees  of  expansion,  gave  very  definite 
results.  But  they  also  revealed  the  fact  that  the  linings  of  the  cylinders 
leaked  at  pressures  above  170  lbs.  per  square  inch,  and  that  the  joints  in 
the  jacket-pipes  could  not  be  made  to  hold.  They  also  showed  that,  not- 
withstanding the  precautions  taken,  the  jackets  were  liable  to  fall  off  in 
efficiency.  The  effect  of  the  leaks  was  not  great  on  the  general  economy 
of  the  engines,  and  might  easily  have  passed  unnoticed  but  for  the  rigour 
of  the  tests  to  which  they  were  subjected. 
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At  260  revoluttom  per  minute  the  thermal  efficiency  of  the  eBgiBc  with  | 
jackets  was 

Heat  equivalent  of  indJcak-J  work  pt^r  minute        _  a  17s 
Heat  discharged  +  heat  Dquivabiit  of  indiealod  work 

Coal  per  h.-f.  ..,,..,,,..,...- ..„..,,.,.. =  1  48  lb. 

Tho  leaki^,  howevitr,  tt^iidijd  to  coiifuH^  flu^  diagram.^,  aad  opportuoitj  wm 
taken  of  the  loug  vatmiioti,  during  whicli  the  triaU  were  discontinued,  Ut 
reset  the  liiiiog.^  of  the  eyiiudeiu     The  lagging  of  the  engines  was  cooipletcd 

as  far  a,s  it  wan  thought  desimble. 

Tlie  triali*  were  contintied  in  OctobiT,  wheu  the  linings  proved  to  bt 
perfectly  tight>  and  although  at  first  the  jacket-pi pe^s  leaked  oocasionaHy,  tb 
leakiigo  wna  not  of  any  sensible  magnitude-  The  jackets  were,  however,  ^11 
found  liable  to  fall  oft*  in  effect  at  low  speeds.  The  trial  with  the  jackets  ft^ 
thei-efore  repeated  many  times,  small  alterations  bebg  made  in  the  jacket- 
pipes,  until  consistent  i*e^ult8  were  obtaitieci  with  speeds  of  250  revolution* 
per  minute,  giving  thermal  efficiency,  calculated  as  befort%  0*2U,  coal  per 
indicated  B.*F.,  1*3.1  lb.  Con"espi>ndiug  triaU  without  the  Jacket@  were  ihtL 
made,  followed  by  triaU  at  higher  and  lower  speeds  with  tmd  without  ib6 
jackets.  These  furui^h  a  complete  series  of  trials  of  Iriple-exjmnsion  eogiues 
working  with  about  200  lbs.  boiler  prcssunj^^  atpifeiton  speeds  ft^i 
1000  feet  per  minute,  g|||||| 

Appendix,  Table  I,  shows  the  mean  results  as  recorded  for  three  trials  at 
different  speeds  with  and  without  jackets.  Only  one  trial  at  each  speed  is 
given,  though  seveml  trials  have  been  recoi-ded,  the  results  not  differing  by 
1  per  cent. 

Lines    4  to  29  contain  the  mean  results  from  the  engines. 
„      30  to  42       „       the  heat  discharged  from  the  engines. 
„      43  to  48       „  „         received  by  the  engines. 

„      49  to  59       „  „         received  from  the  furnace. 

,,      60  to  76       „       the  general  relations  between  the  coal,  heat,  water 
and  power. 

It  will  be  noticed  that  the  three  engines  do  not  run  at  the  same  speed  in 
the  same  trial.  This  is  a  matter  of  great  importance,  and  shows  the  ad- 
vantage of  having  for  such  trials  as  these  the  engines  working  on  separate 
brakes. 

The  cut-off  in  each  cylinder  regulates  the  fall  of  pressure  in  that  cylinder, 
but  the  pressure  in  the  receiver  into  which  it  discharges  is  determined  so  as 
to  equalize  the  steam  received,  and  the  steam  drains  off  into  the  next 
engine. 


1 
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If,  then,  the  shafts  aie  coupled,  there  can  be  only  one  ratio  of  expansion, 
which  will  make  the  terminal  pressures  in  the  cylinders  correspond  with  the 
pressures  in  the  receivers.  But  when  the  shafts  are  free  the  engines  adjust 
themselves  so  that  they  pass  the  same  quantity  of  steam,  and  the  cuts-ofF 
are  easily  arranged  to  bring  the  terminal  pressure  into  accordance  with  the 
pressure  in  the  receivers.  Thus,  with  these  three  separate  engines,  the  full 
economic  advantage  of  all  degrees  of  expansion  can  be  obtained.  To  do  this 
with  coupled  engines  would  require  a  different  ratio  of  cylinder  volumes  for 
each  degree  of  expansion,  these  trials  showing  distinctly  what  should  be  the 
cylinder  volume  for  each  degree  with  coupled  engines. 

The  Checking  of  the  Results. — The  system  rendered  possible  by  the  use  of 
a  surface-condenser,  of  accurately  measuring  the  water  which  has  passed 
through  the  engines,  as  well  as  the  heat  discharged  from  the  condenser,  and 
the  feed-water,  gives  a  certainty  to  the  results  of  the  trials  not  otherwise  to 
be  obtained.  There  will  be  always  a  loss  between  the  water  supplied  to  the 
feed-pump  and  that  received  by  the  engines;  hence,  unless  the  loss  is 
definitely  known,  the  actual  water  received  by  the  engines  can  only  be 
surmised. 

In  the  first  forty  of  these  trials  the  water  discharged  from  the  engines, 
after  being  measured,  has  been  returned  to  the  boiler,  the  deficiency  being 
carefully  ascertained;  and  in  no  case  where  this  has  been  done  has  the 
deficiency  amounted  to  less  than  i-lb.  per  minute,  although  there  were 
no  visible  or  perceivable  leaks  of  any  sort  from  joints  or  glands,  and  the 
boiler,  when  tested  with  water-pressure  before  and  after  the  experiment, 
has  shown  no  leak.  Great  pains  have  been  taken  to  find  where  this 
water  went,  but  without  success,  though  it  certainly  did  not  go  through 
the  engines. 

The  importance  of  this  point  in  determining  the  action  of  steam  in 
the  cylinder  is  fundamental.  It  is  only  by  knowing  the  quantity  of  water 
passing  through  the  engines  that  it  is  possible  to  compare  the  actual  diagrams 
with  a  theoretical  diagram ;  and  the  difference  between  the  feed  and  the 
hot-well  discharge  would  in  these  engines  generally  amount  to  from  5  to 
10  per  cent.,  and  would  vitiate  any  such  comparison.  As  it  is,  all  com- 
parisons have  been  made  from  the  water  discharged  from  the  hot-well. 

Since  each  lb.  of  dry  saturated  steam  condensed  would  give  up  about 
1000  thermal-units  to  the  condensing  water,  the  measures  of  water  from  the 
hot-well  and  heat  from  the  condenser  keep  a  useful  running  check  upon  each 
other.  It  is  found  that  the  heat  measured  (in  1000  thermal  units)  is  about 
4  per  cent,  greater  than  the  water  measured  in  lbs.  when  the  jackets  are  on, 
and  ft'om  1  to  2  per  cent,  less  when  the  jackets  are  off. 

An  exact  calculation,  as  to  the  heat  discharged  per  lb.  of  water,  must 
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iinulvc  certeiiii  it?iLsumption»,  of  the  accuracy  of  wljich  a  careful  compariioe 
with  the  measured  heat  affords  a  valuahl©  te«t*  Such  a  coinparisoD  is  sbowu 
10  Appuiidix,  Table  II. 

For  the  trials  with  tlit*  jacketia  on,  the  aUctilatioo^  are  made  on  tlw 
lumption  that  the  steam  ts  releassed  as  dry  stiturated  steam,  and  cmm 
with  it  into  the  condenser  the  heat  of  evaporation  nt  relea^se  preasiire  fo)m 
the  temperature  of  the  hot-well^  less  the  external  work  of  evapimtion  and 
plus  the  work  done  by  the  pist<ni  in  discharging  the  exhaust,  ThiJ^  exprt^ 
iu  quantities  from  Profesiior  Raiikine*8  Table  is 

772 

la  this  calculation  no  acoouut  ia  taken  of  the  additional  heat  recei\ecJ  by 
the  steam,  during  its  paasage  from  the  cyliniier  into  the  condenser,  from  tk 
hot  walla  of  the  passagc^s. 

For  the  trials  without  jackets,  the  calculations  are  made  on  the  a&f^umptujn 
that  the  ^team  ia  admitted  into  the  low-pressure  cylinder  aa  dry  saturated 
steam,  carrying  into  the  cylinder  the  total  heat  of  evaporation   froDi  tht 

temperature  of  the  condenser  at  the  temperature  of  admission,  and  that  it 
carries  this  heat^  less  the  heat  equivalent  of  the  indicated  work  done  in  this 
cylinder  per  lb.  of  steam^  into  the  condenser,  which,  expressed  in  Pn>fes8or 
Rankine's  quantities,  is 

H.-h, (1.  H.-p.)  X  42-7 

772         lbs.  per  minute  from  the  hot-well ' 

This  calculation,  therefore,  takes  no  account  of  the  heat  that  must  be  lost 
by  the  steam  in  supplying  the  heat  to  be  radiated  from  the  exterior  of  the 
cylinder. 

Since  important  actions  are  not  taken  into  account  in  these  calculations, 
the  resulting  quantities  cannot  be  considered  an  absolute  check  upon  the 
observed  quantities;  they  constitute,  however,  a  valuable  relative  check. 
Thus  in  Trials  44,  33,  56  (with  jackets)  the  observed  discharges  of  heat 
are  greater  than  the  calculated  by  amounts  which  diminish  slightly  as  the 
speed  increases.  These  differences,  about  5  per  cent,  of  the  total  heat  dis- 
charged, which  will  be  the  subject  of  further  remark,  reveal  no  inconsistency 
in  the  observed  results,  which  so  far  check  each  other.  On  the  other  hand, 
in  the  trials  41,  35,  40  (without  jackets),  while  the  observed  discharges  (for 
trials  35  and  40)  are  from  1  to  2  per  cent,  below  those  calculated,  allowing  a 
margin  for  external  radiation,  the  observed  discharge  for  trial  41  is  about 
5  per  cent,  larger  than  the  calculated,  an  inconsistency  which  shows  error  of 
observation   somewhere.      Table  II  does  not  supply  suflScient  evidence  t-o 
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locate  the  error,  but  this  is  found  in  Table  I  in  the  quantities  given  under 
the  head  radiation  (line  41). 

This  radiation  is  obtained  as  the  balance  of  the  total  heat  received  from 
the  boiler  (in  the  water  from  the  hot-well  as  dry  steam,  and  in  the  jacket 
water),  and  the  total  heat  discharged  as  heat  and  work ;  hence  any  error  in 
measuring  the  heat  discharged,  or  the  water  from  the  hot-well,  would  affect 
the  apparent  radiation.  Since  all  the  trials  without  jackets  are  made  under 
approximately  the  same  radiating  conditions,  and  these  conditions  are  such 
as  would  cause  slightly  less  radiation  than  the  trials  with  jackets,  the  actual 
radiation  in  the  trials  without  jackets  must  have  been  nearly  the  same,  and 
somewhat  less  than  in  the  trials  with  jackets.  In  Table  I  the  radiation  for 
trial  41  is  503  thermal  units  per  minute,  897  for  35,  1170  for  40,  and  1266 
for  the  trials  with  jackets,  so  that  the  radiation  in  trial  41  is  clearly  some 
500  thermal  units  per  minute  too  small.  This  might  be  due  to  an  error 
either  in  the  hot-well  discharge  or  in  the  heat  discharge ;  but  as  the  former 
would  afiTect  the  heat  per  lb.  of  coal  (line  62),  and  so  bring  this  trial  out 
of  accord  with  the  others,  it  seems  that  the  error  is  in  the  heat  dis- 
charged. 

The  correction  that  would  bring  the  observed  heat  discharged  in 
Table  II,  trial  41,  into  accord  with  the  others  is  60  thermal  units  per  lb., 
or  460  thermal  units  per  minute,  which  heat,  transferred  to  the  radiation, 
would  bring  this  to  963,  or  nearly  the  mean  of  that  for  trials  35  and  40. 
This  shows  the  completeness  of  the  check  throughout  these  results. 

The  Radiation. — The  slight  differences  which  are  shown  in  this  quantity, 
Table  I,  line  41,  for  all  the  trials  with  jackets,  may  have  been  due  to 
diflFerences  of  temperature  in  the  engine-room.  The  mean  radiation  with 
200  lbs.  steam  in  the  jackets  is  1266  thermal  units  per  minute,  and  the 
mean  radiation  in  the  trials  with  the  cylinder  jackets  shut  off  (omitting  41) 
is  1037,  the  difference  being  229,  with  or  without  jackets,  at  a  pressure 
of  200  lbs.  per  square  inch.     This  is  exclusive  of  radiation  from  the  boiler. 

The  Heat  Abstracted  during  Exhaust. — That  during  the  exhaust  the 
water  in  the  cylinder,  which  has  resulted  from  condensation,  is  re-evaporated 
by  heat  from  the  walls  is  well  established,  and  it  has  been  often  suggested 
that  the  steam  leaving  the  cylinder  may  be  somewhat  superheated  by  the 
hot  walls  of  the  passages.  The  excess  of  the  observed  heat  discharged  over 
that  calculated  in  Appendix,  Table  II,  might  be  explained  by  the  second  of 
these  causes,  but  not  by  the  first,  since  the  diagrams  all  show  that  the  steam 
was  in  the  condition  of  dry  saturated  steam  at  release ;  besides  which,  the 
calculated  heat  takes  account  of  all  the  heat  it  could  so  possess.  To  account 
for  this  difference,  which  amounts  to  5  per  cent,  of  the  total  heat  discharged, 
by  supposing  the  steam  superheated  would  be  to  suppose  the  temperature  of 
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the  Hteam  mised  from  70°  to  100^  ttbove  the  tctnpcmturo  of  the  c4)Qd*?B5M^ 
CoriHideriiig  that  the  temperature  of  the  .steam  in  the  jackets  wa^  150 
higher  than  that  in  the  condeniRir,  there  would  be  nothiDg  apparentlj 
iinjHiHsible  in  thus  superheating  the  ^team  while  passing  through  the  port> 
and  exhaust  passage  heated  by  the  jackets*  Such  a  rise  of  temperatuit 
would,  however,  be  apparent  in  the  exhaust  pipe  if  nought  for;  and  is 
thermometers  showed  that  the  temperature  of  this  did  not  rise  at  any  tim^ 
to  more  than  l-W  Fahrenheit,  which  temperature  corresponded  with  rbe 
pressure  of  steam  iu  the  condenser,  it  m  evident  that  this  heat  did  not  go  u- 
raise  the  temperature  of  the  effluent  steam.  The  fact  that  the  differencf 
varies  so  little  with  the  speed  of  the  engine  suggests  that  this  absorptiufi  ' 
heat  is  conBet|uent,  in  wme  way,  on  the  mechanical  actiou  to  which  the  m^  1 1 
is  Bubjeet  during  exhaust,  in  a  similar  manner  to  that  in  which  the  hesU 
supplied  by  the  jackets  to  the  cylinder  is  consequent  on  the  expansioe,  and 
this  appears  to  be  the  case. 

The  steam  in  the  cylinder  at  release  expands  down  to  the  pre^ure  of  th 
condenser.  The  expansion  takes  place  partly  in  the  cylinder,  partly  iij  tk 
passages,  and  will  be  attended  by  liquefaction  similar  to  that  which  result 
from  ordinary  expansion.  The  liquid,  thus  formed,  may  be  I'e-evapomtect, 
from  the  hot  walls  of  the  cylinder  and  the  passages,  without  raising  ibf 
temperature  of  the  steam  above  that  of  the  condenser.  This  exjmttsion  t* 
from  the  volume  (per  lb,)  at  release  to  the  volume  (per  lb,)  at  the  pr^aaaw 
in  the  condenser,  and  the  amount  of  he^t  for  re-evaporation  can  le  tl^ 
finitely  estimated.  In  trials  44,  35,  56  respectively^  this  heat  amounts  to 
84,  87,  71  thermal  units  per  lb.  of  steam.  Some  considerable  portion  of 
the  heat  would  be  supplied  from  the  work  done  by  the  steam  against  the 
resistance  in  the  passages,  which  would  be  directly  reconverted  into  heat: 
but  the  greater  portion  would  have  to  be  obtained  from  the  surfaces,  or  else 
the  steam  would  enter  the  exhaust  in  a  supersaturated  condition.  The 
excesses  of  the  observed  heat  over  the  calculated,  Appendix,  Table  II,  are  64, 
29,  31  thermal  units  per  lb.,  being  well  within  the  heat  necessary  to  re- 
evaporate  the  water,  after  making  allowance  for  the  friction  of  the  passages. 
This  heat,  it  is  to  be  noticed,  is  acquired  by  the  steam  from  the  walls  after 
the  steam  has  done  its  work  in  the  cylinder,  and  must  be  supplied  either  by 
the  jackets  or  by  the  condensation  in  the  steam-chest,  ports,  and  cylinder. 
It  therefore  represents  heat  which  passes  direct  through  the  engine,  without 
effecting  any  work,  and  is  a  loss  of  between  3  and  6  per  cent,  of  the  theoretical 
efficiency  of  the  steam. 

The  Diagrams  have  been  taken  with  six  Crosby  indicators,  and  with 
springs  as  low  as  the  speeds  and  pressures  would  admit. 

The  reduction  is  effected  by  measuring  ten  breadths,  the  pressure  and 
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back-pressure  from  the  atmospheric  line,  and  then  the  effective  pressure,  so 
that  the  results  check,  and  may  be  directly  used  to  obtain  a  mean  diagram. 
These  results  have  been  several  times  checked  by  a  planimeter,  without 
establishing  any  sensible  difference.  As  regards  the  diagrams  themselves, 
every  precaution  has  been  taken  to  ensure  accuracy,  and  there  is  no  reason  to 
suppose  that  there  are  any  prevailing  errors  of  1  per  cent.,  although  errors  of 
the  instruments,  and,  indeed,  of  all  indicators,  when  subjected  to  certain  par- 
ticular tests,  are  much  greater  than  this.  The  check  afforded  by  the  brake- 
power,  although  it  would  not  reveal  a  prevailing  error  of  2  or  3  per  cent., 
has  this  important  effect,  that  it  does  away  with  any  possible  bias  that 
might  result  from  enthusiasm  to  obtain  high  indicated  power,  for  by  so 
doing  the  effect  would  be  to  lower  the  mechanical  efficiency  of  the  engine. 

It  is,  however,  the  consistent  agreement  of  the  curves  of  expansion,  as 
indicated,  with  the  theoretical  curve  for  the  weight  of  absolute  steam  shown 
by  the  water  discharged  to  have  passed  through  the  engine,  that  gives  the 
greatest  confidence  in  the  indicated  results. 

The  Reduction  of  the  Diagrams  to  a  mean  Compound  Diagram. — Con- 
sidering the  important  place  which  must  be  occupied  by  mean  compound 
diagrams,  in  comparing  the  results  of  the  various  trials  in  such  an  extended 
investigation  of  the  steam-engine,  it  was  necessary  that  some  system  of 
reduction  should  be  adhered  to,  and  the  choice  of  this  system  was  a  matter 
of  the  first  importance.  There  was  one  peculiarity  about  the  working  of 
these  engines  which  necessitated  a  departure  from  any  methods  previously 
adopted,  namely,  the  unequal  speeds  of  the  three  engines.  This  fact  had 
great  influence  in  determining  the  system  adopted.  Except  as  affected  by 
this,  the  methods  of  reduction  did  not  differ  from  one  or  other  of  the  plans 
usually  followed. 

The  reduction  of  the  twenty-four  diagrams,  taken  during  a  trial  from  each 
engine,  is  effected  by  finding  the  means  of  each  of  the  twenty  measured 
distances  from  the  atmospheric  line,  which  are  then  reduced  to  a  common 
scale,  10  lbs.  to  an  inch.  These  ordinates  are  then  plotted,  so  as  to  project 
the  diagram  to  a  length  determined,  as  will  be  subsequently  described.  The 
volumes  of  clearance,  4  per  cent,  on  engine  I,  and  6  per  cent,  on  engines  II 
and  III,  valve-clearance  1'65  per  cent,  on  engine  I,  and  2o  on  engines  II  and 
III,  are  then  added  to  obtain  the  line  of  zero  volume.  Thus,  a  compound 
diagram  is  obtained  showing  the  relation  of  volumes  and  pressures  of  the 
whole  steam  in  each  of  the  cylinders.  To  reduce  this  diagram,  to  show  the  re- 
lation of  volume  and  of  pressure  of  the  steam  discharged  from  the  cylinder,  an 
ideal  compression-line  is  drawn  through  the  point  of  the  actual  compression- 
curve  which  corresponds  to  the  closing  of  the  exhaust.  Horizontal  lines  are 
next  drawn  across  the  diagram,  cutting  the  expansion-curve,  the  compression- 
line,  and  the  ideal  line,  and  each  of  these  horizontal  lines  is  set  back  until 
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the  (Kiint  which  waa  the  ideal  coiiipre^^ion-curFti  reacliee  the  line  uf  m 
jrolnnie.  Then  the  positions  taken  by  the  points  from  the  expansion- lint 
the  actual  compression -line  show  the  volume  of  staam  in  th^  cyLbder 
over  and  above  the  volume  of  that  which  is  shut  ia  at  exhaust.  All  thii  J 
reduction  may  be  done  arithnietically,  or  by  plotting.  The  result  is  that,  ■ 
while  the  area  of  the  diagram  hms  not  b«en  altered,  the  actual  expansion  ao<l 
COIN pression -line  for  the  steam  paBsing  through  the  engine  is  obtained , 
Hiitikine  s  curve  of  saturation  for  the  weight  of  steam  discharged  is  then  * 
drawn.  On  accouot  of  the  varying  diflereuce  between  the  speeds  of  theM? 
engines*  the  lengths  for  the  compound  diagram  could  not  be  obtained  bj 
simply  projecting  the  lengths  of  the  iieparate  diagrams,  so  that  they  shoM 
he  proportional  to  the  efleetive  volume**  of  the  several  cylinders.  It  wm 
necessary  to  project  them  so  that  they  should  be  proportional  to  the  product<f 
of  the  effective  vohimee  of  each  engine  multiplied  by  ilH  revolutions  pr 
minute.  Slight  as  this  necessary  m^xlification  may  appear,  it  does  away  witli 
the  idea  of  a  relation  between  the  area  of  a  diagram  and  the  size  of  the 
engine,  which,  once  got  rid  of,  leaves  it  apparent  that  the  separat-e  diagrmis 
express  nothing  but  the  relation  which  holds  between  the  pressures  and 
Tolumes  of  a  certain  quantity  of  steam,  which  quantity  may  be  changeJ  b? 
altering  the  scale  of  length  of  the  diagramB.  Having  once  realized  this,  tke 
advantage  becomes  apparent,  in  institutiog  comparisons  between  a  numter 
of  engine  trials,  of  taking  the  common  scale  of  length  for  the  diagraras  to  be 
such  that  they  all  express  the  relation  between  the  volume  and  the  pressure 
of  the  common  unit  (I  lb.)  adopted  for  the  weight  of  steam.  This  common 
scale  is  readily  obtained  by  dividing  the  product  of  effective  volumes,  multi- 
plied by  revolutions,  by  the  weight  of  steam  passing  through  the  engines 
per  minute,  and  taking  the  result  as  the  length  of  the  diagram  in  any 
uniform  scale;  ^-inch  to  the  cubic  foot  has  been  that  adopted  for  the  first 
reduction  in  these  trials,  the  pressures  being  plotted  to  10  lbs.  to  an  inch. 

The  diagrams,  Fig.  15,  p.  370,  are  such  mean  diagrams,  showing  the 
lbs.  per  square  inch  pressure  and  cubic  feet  volume  for  each  lb.  of  steam 
passing  through  the  engines,  also  Rankine's  curve  for  saturated  steam  to  the 
same  scale.     In  these  diagrams : — 


The  extreme  length  of  the  diagram  = 


The  distance  from  the  line  of  zero 
volume   to    the    expansion   or 
compression-curve  at  any  par 
ticular  pressure 


the  effective  volume  swept  by  the 
piston  for  each  lb.  of  steam 
through  the  engines. 

the  volume  of  the  steam  in  the 
cylinder  at  that  pressure,  less 
the  steam  shut  in  at  com- 
pression per  lb.  of  steam  through 
the  engine. 
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The  area  enclosed  in  the  diagram   =    effective  work  per  lb.  of  steam. 

The  distance  to  the  right  between^  fthe  volume  of  initial  steam  per  lb. 
the  compression-line  and  that  I  =  i  of  steam  rendered  non-effective 
of  no  volume  measures J       [      by  clearance. 

The  distance  between  the  expan-1       f'^^  T*"^*""^  °^  '***""  P^'  '^^  "^  '^^*'" 

sion-line  and   the   saturation- 1  =  *^'^°"^''   *^^   ^^^^'"^  ^^^^"*  «" 

account  of  condensation,  priming 

V       and  leakage. 


curve 


The  ratio   of  the  horizontal  dis-^ 

tances   from   the  line  of  zero!         .1        «•    x-  ^-       r 

I  ^    ^,  .      X    «»^  =     the  effective  ratio  of  expansion, 

volume  to  the  curve  at  cut-off  ^ 


and  release. 


The  clearness  and  simplicity  of  the  comparison  which  these  diagrams 
institute  between  the  areas  actually  occupied,  and  those  which  would  have 
been  occupied  h^  the  steam  been  saturated,  renders  it  possible,  as  well  as 
desirable,  to  state  exactly  in  what  relation  the  areas  stand  as  regards  the 
theory  and  economy  of  the  engine. 

The  area  enclosed  between  the  limits  of  pressure  and  volume  by  the  line 
of  zero  volume,  the  line  of  condenser  pressure,  and  the  saturated  curve, 
expresses  in  foot-lbs.,  the  greatest  possible  amount  of  heat  that  can  be 
converted  into  work,  through  the  agency  of  1  lb.  of  steam  maintained  in  a 
state  of  saturation  between  these  limits.  The  areas  included  in  the  measured 
diagrams  represent  the  heat  which  has  been  so  converted  by  the  agency  of 
each  lb.  through  the  engines,  and  the  various  intervening  areas  represent  loss 
in  conversion. 

These  are  facts  which  it  is  important  to  bear  in  mind  in  dealing  with 
jacketed  engines,  in  which  1  lb.  of  steam  through  the  engines  does  not 
represent  a  certain  quantity  of  heat,  which  will  be  the  same  whether  it  is 
realized  or  not.  For  such  engines  it  is  impossible  to  make  the  diagrams 
represent  the  comparative  efficiencies  actual  and  theoretical.  With  un- 
jacketed  engines,  the  case  is  different,  as  the  lb.  of  steam  represents,  at 
a  particular  pressure,  a  definite  quantity  of  heat  through  the  engine,  how- 
ever much  of  it  is  converted,  and  if  a  special  adiabatic  line  be  substituted 
for  the  saturated  line,  the  relation  of  areas  will  be  the  relation  of  efficiencies. 
In  the  present  case,  however,  it  seemed  better  to  treat  all  the  diagrams  in 
the  same  way,  and  to  make  a  separate  comparison  of  the  efficiencies  with  the 
highest  theoretical  efficiency  between  the  same  limits.  With  the  unjacketed 
as  well  as  with  the  jacketed  trials,  the  theoretical  efficiency  has  been 
calculated  as  for  saturated  steam.  This  comparison  for  all  the  trials  is 
given  in  Appendix,  Table  III. 

o.  R.  II.  24 
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The  Condensation,  Priming  and  Leakage  of  Steam  in  the 
Cylinders,  as  shown  in  the  Diagrams. 

There  are  two  quantities  which  it  is  almost  impossible  to  separate  by  the 
inherent  evidence  of  the  diagrams. 

The  missing  quantity,  to  use  Mr  Willaus'  expression,  which  is  here  shown 
by  the  horizontal  breadth  of  the  black  band,  may  equally  well  arise  from  the 
steam  having  escaped  by  the  piston,  or  having  been  temporarily  converted 
into  water. 

This  much,  however,  is  evident  from  the  diagrams,  that  with  steam  in  the 
jackets,  iu  whatever  manner  the  steam  has  vanished  in  the  high- pressure 
engine,  it  has  all  reappeared  before  the  end  of  the  stroke  in  the  inter- 
mediate engine,  and  though  some  of  it  has  disappeared  at  the  cut-ofif  in  the 
low-pressure  cylinder,  it  has  reappeared  again  before  the  end  of  the  stroke. 
Hence  it  seems  that  there  is  no  escape  of  steam  by  the  pistons  of  these  two 
engines. 

The  question  remains,  however,  as  to  whether  steam  has  not  escaped 
by  the  pistons  of  the  high-pressure  engine,  and  through  the  valves,  during 
expansion  into  the  cylinders  of  the  intermediate  and  low-pressure  engines. 

Certain  differences  in  the  diagrams  taken  from  No.  II  engine,  when 
working  with  different  cuts-off,  suggested  that  the  rider  valves  were  held 
somewhat  off  the  back  of  the  main  valve  by  the  spindle,  so  that  they  leaked 
steam  until  the  pressure  in  the  cylinder  was  sufficiently  lower  than  that 
in  the  steam -chest  to  spring  the  spindle  and  force  the  valves  home.  It 
became  particularly  evident  in  the  fifty-fifth  trial,  and  then  the  cover  was 
removed  and  the  conclusion  verified.  This  source  of  error  was  put  right, 
and  the  fifty-sixth  trial,  as  compared  with  the  earlier  ones,  shows  what  has 
been  the  effect  of  leakage  iu  these,  namely,  the  breadth  of  the  black  band 
towards  the  tops  of  the  diagram  from  No.  II  engine. 

When  the  covers  were  last  put  on,  in  August,  1888,  the  cylinders  and 
valve-faces  were  all  in  equally  good  condition,  and  there  has  been  no  leak 
from  the  jackets,  while  the  engines  were  standing  with  full  pressure  in 
the  jackets.  The  regulators  opening  into  the  intermediate  receivers  were 
made  tight  in  August,  1888,  and  were  not  again  opened  till  after  the  forty- 
sixth  trial.  There  was  then  occasion  to  open  them,  and  as  the  engines  were 
standing  preparatory  to  starting  the  fifty-sixth  trial,  it  was  seen  that  steam 
was  leaking  into  No.  II  receiver,  probably  about  ^-Ib.  per  minute ;  as  the 
valve  was  found  to  be  shut,  there  was  nothing  to  be  done,  so  the  trial  was 
run ;  and,  as  was  to  be  expected,  the  diagrams  from  No.  I  engine  show  what, 
considering  the  circumstances,  is  an  unusually  large  black  band. 
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In  the  absence  of  definite  evidence  of  leakage,  the  Author  coDchides  that 
the  missing  quantity  shown  by  the  black  band  is  everywhere  due  to  con- 
densation. 

It  is  not  the  intention  in  thiw  Paper  to  eudeavour  to  establish  a  completer 

theory  of  cylimler-condenaation.  Though  it  may  be  well  to  st^te  that,  before 
designing  the  eiiginon.  the  theory  was  carefully  considered  and  fornitilat^d, 
leaving  only  the  arbitrary  constants  to  be  determined  from  the  experiments. 
For  anything  like  a  complete  determination  of  theae  constants,  the  experi- 
ments have  not  i^ufficiently  advanced ;  but  thijs  i«  not  necessary  to  show  tW 
in  the  case  of  a  series  of  eylindens,  all  jacketed  up  to  boiler-pre«siire,  the  kw 
of  condensation  would  be  precisely  that  which  is  showtj  in  the  diagrama 

Whenever  the  bounding  surfaces  are  colder  than  the  steam  adjacent  t<^ 
them  condensation  occurs*  To  prevent  condensation  it  is  thei'efore  necessarjr 
to  maintain  all  parts  of  the  cylinder  surfaces,  and  port  passage  surface!^, 
at  a  temperature  at  least  as  high  as  that  of  the  initial  steam. 

To  do  this,  in  the  case  of  expansion,  it  is  not  sufficient  (as  seems  to  be 
commonly  assumed)  to  keep  the  outside  of  the  metal  constituting  the  walli^ 
and  covemi  mei-ely  at  the  temperature,  of  the  initial  steam.  That,  of  coum^ 
would  be  sufficient  if  there  were  no  condensation  other  than  what  results 
from  the  temperature  of  the  surfaces. 

Forty  years  ago  no  such  other  cause  of  condensation  w*as  known.  It  wis 
revealed,  however,  by  the  discoverers,  Rankine  and  Clanrius,  in  1849.  that 
the  expansion  of  steam  reduces  its  temperature  below  that  corresponding  to 
saturation  unless  some  of  the  steam  is  condensed.  The  manner  of  action 
of  this  supersaturation,  caused  by  expansion,  in  absorbing  heat  from  the  walls 
of  the  cylinder  maintained  at  a  higher  temperature  than  the  steam,  does  not 
appear  to  have  been  yet  ascertained  with  any  degree  of  certainty ;  but  it 
is  certain  that  steam  in  this  state  of  supersaturation  does  absorb  heat  with 
immense  rapidity,  when  the  walls  are  at  a  higher  temperature  than  the 
expanded  steam.  Also  the  amount  of  heat  necessary  to  prevent  supersatura- 
tion is  definitely  known,  though  it  is,  perhaps,  well  to  recall  the  fact  that  it 
is  not,  even  approximately,  the  heat  equivalent  of  the  work  done  by  the 
steam  during  expansion. 

If  the  walls  of  the  cylinders  are  maintained  at  the  temperature  of  the 
initial  steam,  the  expanding  steam  will  absorb  heat.  This  heat  must  pa^ 
through  the  walls ;  and  as  heat  only  flows  through  metal  down  the  gradient 
of  temperature,  the  temperature  on  the  outside  must  be  greater  than  that  on 
the  inside.  Hence  it  follows  that  either  the  steam  in  the  jackets  must  be 
hotter  than  the  initial  temperature  of  the  steam  in  the  cylinder,  or  the  mean 
temperature  of  the  internal  surface  of  the  cylinder  will  be  below  that  of  the 
initial  steam,  in  which  c<ase  there  will  he  cylinder-condensation. 


I 
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How  important  this  degradation  of  temperature  through  the  walls  is,  will, 
perhaps,  best  be  rendered  apparent  by  stating  an  actual  case. 

In  expanding  1  lb.  of  steam  from  a  pressure  of  203  lbs.  to  a  pressure 
of  79*3  lbs.,  the  heat  per  lb.  necessary  to  prevent  supersaturation  is 

551  T.u. 

or  about  5  per  cent,  of  the  total  heat  in  the  initial  steam  In  a  cylinder 
passing  600  lbs.  of  steam  per  hour,  to  prevent  supersaturation  there  should 
jMiss  through  the  walls  of  the  cylinder 

33,060  T.u. 

Now  the  jacketed  surface  of  the  cylinder  of  the  H.-P.  engine  is  less  than 
1*5  square  foot,  and  the  thickness  of  the  metal  is  more  than  0*4  inch.  Hence 
the  heat  would  have  to  flow  through  this  thickness  of  metal  at  a  rate  of 

22,000  T.u.  per  square  foot  per  hour. 

From  the  known  laws  of  conductivity  of  iron,  this  would  require  a  difference 
of  temperature  of  38°  Fahrenheit. 

Thus  it  appears  that,  to  prevent  supei-saturation,  the  temperature  of  the 
steam  in  the  jackets  of  No.  I  engine  must  be  38°  higher  than  the  mean 
temperature  of  the  internal  steam ;  or,  in  other  words,  that  the  mean  tem- 
perature of  the  internal  surfaces  will  be  38°  lower  than  that  of  the  initial 
steam,  which  is  at  the  same  temperature  as  that  in  the  jackets. 

What  amount  of  surface-condensation  this  difference  of  temperature 
would  cause  may  be,  to  some  extent,  inferred  by  comparison  with  the  differ- 
ence between  the  mean  temperature  of  the  surfaces  and  that  of  the  initial 
steam  when  the  jackets  are  empty.  Here  the  initial  temperature  is  about 
383°,  and  that  of  the  exhaust,  302° ;  the  mean,  342° ;  difference  of  mean  and 
initial,  41° ;  so  that  in  this  engine  the  mean  temperature  of  the  walls  would 
only  be  affected  to  the  extent  of  about  3°  Fahrenheit  by  the  jackets,  suppos- 
ing the  whole  of  the  heat  to  prevent  supersaturation  were  supplied  by  the 
jackets.  But  this  would  not  be  quite  the  case,  as  some  heat  is  obtained  from 
the  difference  in  the  heat  given  up  and  absorbed  by  the  cylinder-con- 
densation; and  there  is  no  proof  that  the  steam  may  not  be  discharged 
with  a  certain  degree  of  supersaturation. 

However,  the  reasoning  leads  to  the  conclusion  that,  with  steam  at  initial 
pressure  in  them,  the  jackets  would  produce  a  comparatively  small  difference 
on  the  cylinder-condensation  in  this  engine  when  passing  10  lbs.  of  steam 
per  minute. 

In  No.  II,  the  intermediate  engine,  the  case  is  different.  Here  the  heat 
which  has  to  flow  into  the  cylinder  through  the  walls  is  nearly  the  same  as  in 
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TABLE   1] 

Jackets  at  Boiler-Pressure 

Ja 

41 

1,014 
1,065 

ckets  Empty 

NuuilKjr  of  the  tr 

ial 

44      1      33 

56 

35 

1,009 
1,001 

40 

Thermal      units 
from  the  con- 
denser per  Ib.- 
of  water  from 
the  hot- well... 

Calculated 
Measured 

1,011     1     1,014 
1,075         1,043 

1,011 
1,042 

990 

978 

.Differences 

-64    !      -29 

-31 

-51 

8 

12 

Table  III. — Relative  Areas  of  Diagrams  per  Lb.  of  Steam  through 
THE  Engines,  and  Thermal  Efficiencies  of  Engines. 


1 

2 
3 

4 
5 
6 

7 

8 

9 

10 


Number  of  trial  

Theoretical  area,  ft.  &  lb. 
Measured  area         „ 
Percentage  of  theoretical^ 
area  ] 

Theoretical  efficiency,  p.c. 
Measiutjd  efficiency,  p.c. 
Percentage  of  theoretical^ 
efficiency  ) 


33 
233,545 
192,067 

82-0 


23-2 
19-2 

82-6 


56   i   41 
228,420  I  235,500 
192,000  I  127,545 

840     54-0 


22-7 
19-4 

a5-4 


23-3 

13-8 

59-2 


35 
23:^,000 
139,546 


40 
221,860 
144,350 

60-0     650 


23-2 
15-3 

65-9 


22-4 
15-5 

69-4 


Table  IV.— Condensation  without  Jackets. 


Proportion  of  Total 

Steam 

Number 

RevolutionB 

Ratio 

condensed  a1 

of  the 

per 

of 

Trial 

Minute 

Expansion 

Cut-oflf 

Mid-Stroke 
0-39 

Release 

Engine  No.  I  ...  ^ 

41 

146 

2-7 

0-40 

0-30 

35 

229 

23 

0-29 

0-27 

0-22 

40 

322 

20 

0-22 

0-21 

0-17 

( 

41 

127 

2-4 

0-41 

0-345 

0-29 

Engine  No.  11...  < 

35 

215 

2-4 

0-38 

0-34 

0-26 

1 

40 

320 

2-2 

0-30 

0-27 

0-14 

( 

41 

109 

2-7 

0-51 

0-48 

0-37 

Engine  No.  III... < 

35 

184 

3-05 

0-48 

0-47 

0-33 

1 

40 

276 

2-6 

0-32 

0-36 

0-23 

KEPORT  OF  THE  COMMITTEE   APPOINTED   TO    INVESTIGATE 
,  THE    ACTION     OF     WAVES    AND     CURRENTS     ON     THE 
BEDS    AND    FORESHORES     OF     ESTUARIES    BY    MEAN'S 
OF  WORKING   MODELS. 


[From  the  **  British  A&MMsiation  Report,"  1S89-] 

The  CoriiTnittee  held  its  firnt  meeting  in  the  Central  Institution  of  the 
City  and  Guilds  of  London  Institute.  It  was  then  resolved  that  the 
Committee  should  avail  itself  of  the  permission  of  the  Council  of  the 
Owens  College,  and  conduct  its  experiments  in  the  Whit  worth  Engineering 
Laboratory. 

At  the  suggestion  of  Prof.  Reynolds  it  was  arranged  that  the  first 
experiments  should  be  directed  to  determine  in  what  respects,  and  to  >vhat 
extent,  the  distribution  of  sand  in  the  beds  of  model  estuaries  of  similar 
lateral  configuration  is  affected  by  the  horizontal  and  vertical  dimensions, 
and  the  relation  which  these  bear  to  one  another  and  to  the  tide  period  so 
as  to  place  the  laws  of  similarity  on  which  the  practical  applications  of  the 
method  depend,  on  as  firm  an  experimental  basis  as  possible. 

It  was  suggested  provisionally  that  two  working  tanks  should  be  con- 
structed, one  as  large  as  the  circumstances  of  the  laboratory  would  admit, 
and  one  of  half  the  linear  dimensions  of  the  larger  tank.  Prof.  Reynolds 
was  empowered  to  appoint  an  assistant  to  make  the  necessary  observations. 

At  a  second  Committee,  held  at  Owens  College,  Manchester,  the  models 
constructed  were  examined,  and  it  was  arranged  that  Prof.  Reynolds  should 
draw  up  a  report  on  the  results  so  far  obtained. 


^ 
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On  Model  Estuaries.    By  Professor  Osborne  Reynolds,  F.R,8. 

Having  carefully  considered  and  sketched  out  designs  for  the  tanks  and 
appliances  in  accordance  with  the  resolutions  of  the  Committee  on  February 
6,  I  obtained  the  assistance  of  Mr  H.  Bamford,  B.Sc,  from  Easter  up  to  the 
date  of  the  meeting  at  Newcastle.  The  working  drawings  for  the  appliances 
were  commenced  immediately  after  Easter,  and  the  work  put  in  hand,  the 
experiments  being  commenced  in  each  tank  as  soon  as  it  was  ready. 

The  General  Design  of  the  Appliances. — A  great  object  in  designing  the 
tanks  was  to  make  the  most  of  the  facilities  in  the  Whit  worth  Engineering 
Laboratory,  Owens  College,  in  respect  of  a  continuously  running  shaft,  a 
supply  of  town's  water  and  wastes,  also  a  water  supply  (13,000  gallons)  from 
a  storage  tank  at  116  feet  above  the  floor  of  the  laboratory,  and  a  discharge 
into  a  similar  tank  below  the  floor,  with  pumping  power  to  raise  the  water 
back  when  required,  also  floor  space. 

The  available  floor  space,  although  veiy  conveniently  placed  with  respect 
to  the  water  and  power,  was  strictly  limited  by  resisting  structures  to  10  feet 
wide  and  22  feet  long.  This  admitted  of  an  extreme  length  for  the  larger 
tank  of  16  feet,  and  an  extreme  width  of  4'  8",  leaving  2'  6"  for  the  width 
of  the  smaller  tank,  the  remainder  of  the  space  being  the  least  possible  that 
would  admit  of  access  to  all  parts  of  the  tanks.  The  internal  dimensions 
of  the  tanks  as  designed  are : — 

Tank  A. 


Length 

Breadth              Height 

Fixed  rectangular  tray  having  one  end  open 

From  laboratory  floor  of  the  tray 

Sides  and  end  above  the  bottom  

irioj" 

3'  lOi" 

1 
3'9i"                  — 
—                    2' 6" 

Tide  generator,  one  end  open    

Siden  at  o^jen  end    

At  closed  end  

3'9i" 

,,?;;■ 

Tank  B.     Half  the  dimensions  of  A. 

The  proportions  of  the  tide-generators  and  fixed  pans  were  determined, 
so  that  in  tank  A  the  greatest  rise  of  tide  over  the  whole  tank  should  be  2"; 
which  was  double  the  tide  used  in  my  previous  experiments,  and  that  con- 
sistently with  this  the  generators  should  be  as  short  as  possible.  This  tide 
in  tank  A  required  that  the  generator  should  displace  10"cubic  feet,  and  as 
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the  greatest  rise  and  fall  that  could  bt*  conveniently  obtained  for  the  end  of 
the  generator  waa  IC,  giving  a  mean  riftf  of  H'\  the  area  reijuirL-rtl  wiwi 
15  square  feet. 

A  perifK]  of  30  seconds  was  adopted  for  tank  A  as  the  short^t  periled 
likely  to  be  reipiired,  and  the  gearing  armugecl  accortlingly.  With  this 
pori(Hl,  aud  a  tt'  tide,  the  horizojjta!  scale  would  be  I  in  20/)OO  of  that  of  a 
tank  with  a  30-foot  tide,  antl  a  perit>d  of  1^  hotn>4  '20  uiinutes.  So  that 
the  12- foot  pan  would  repi^sent  45  railea. 

Provision  w^as  made  for  the  pi^oductioii  of  waves  with  perinda  ^ijth  the 
tidal  period. 

Provision  was  also  made  for  the  iotroduetion  of  land  water  into  the  toiik 
at  any  point  that  might  be  reqiiirod  ;   also  for  seuinniing  the  water  by  an 

adjustrdde  weir,  which  would  Borve  to  keep  the  level  of  low  water  eoustant, 
water  being  supplied  into  the  generator  when  no  land  water  was  required. 

The  dinwiugg  (fig.  1.  p,  401)  show  the  taiikB  and  apparatus  as  they  have 
been  constructed.  The  pans  and  title  generators  are  of  pine-boards  fai^tened 
witli  screwi4.  The  former  rest  in  a  fixed  cn\dle  formed  by  six  legs  with  cros^- 
b^'aren*,  bottom  ties,  and  braces.  The  floor  boaixls  of  the  pan  are  ,^rewed  ti)  _ 
the  cross* bearei-s,  bub  are  left  free  to  expand,  the  joints  being  made  with  | 
uiarine  glue,  after  the  manner  of  the  decks  of  shipa.  The  sides  are  screwed  t^i 
the  floor  only ;  they  receive  lateral  support  against  the  pressure  of  the  water 
from  the  prfilongation^t  of  the  leg»  upwards.  The  pans  are  lined  w^th  ealiw 
saturated  with  marine  glue,  and  put  down  with  hot  irons,  then  covered  with 
a  coat  of  paraffin.  The  pans  of  the  generators  are  constructed  in  the  same 
way  tis  the  others,  only  instead  of  the  cross-bearei-s  being  attached  to  legs, 
they  are  suspended  from  two  side  levers,  which  are  supported  on  cast-iron 
knife-edges  resting  in  cast-iron  grooves  on  the  top  of  the  legs  at  the  end 
of  the  pan.  These  knife-edges  are  at  the  exact  level  of  the  top  of  the  floor 
of  the  pan,  and  in  line  with  the  joint  in  the  floor  between  the  pan  and  the 
generator,  so  that  there  is  no  opening  and  closing  of  this  joint.  This  joint 
is,  however,  covered  with  indiarubber,  which  extends  up  the  sides,  and  by 
stretching  allows  for  the  opening  and  closing  of  these  joints. 

In  tank  A  these  side  levers  extend  4  feet  along  the  sides  of  the  pan, 
beyond  the  joint,  and  to  their  ends  is  attached  a  large  box  for  holding 
balance  weights.  These  weights  are  considerably  below  the  knife-edges, 
and  consequently  their  moment  diminishes  as  the  box  descends,  i.e.  as  the 
tide  rises,  but  this  diminution  by  no  means  compensates  the  diminution  of 
the  water  in  the  generator. 

If,  therefore,  sufficient  weight  were  put  into  the  box  to  balance  the 
generator  when  the  tide  is  low,  it  would  mucli  overbalance  it  when  the  tide 
is  iiigh.     To  meet  this  the  weights  in  the  box  are  used  mainly  to  balance 
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the  dead  weight  of  the   generator,  which   requires   about   300  lbs.,  and   a 
varying  balance  is  arranged  for  the  wat^r. 

This  varying  balance  consists,  in  tank  A,  of  a  cast-iron  cylinder  of  500  lbs. 
weight,  suspended  by  links  from  the  side  levers  across  and  under  the  tank. 
The  cylinder  is  also  suspended  by  two  links  from  the  frame,  and  this  second 
suspension  is  so  arranged  that  when  the  generator  is  down  the  links  from 
the  levers  are  vertical,  and  when  the  generator  is  up  they  are  horizontal. 
In  this  way  a  varying  balance  is  obtained,  which  as  far  as  possible  effects  a 
complete  balance  in  all  particulars.  In  tank  B,  aiTangements  which  have 
the  same  effect  have  been  carried  out  in  a  somewhat  different  manner,  which 
will  be  clear  from  the  drawings. 

The  glass  covering  for  tank  A  consists  of  eight  glazed  frames,  each 
having  two  panes  of  sheet  glass  3'  10"  x  10",  with  J"  bearing  on  the  frame 
all  round ;  the  external  dimensions  of  the  frames  are  4'  x  2',  so  that  they 
are  easily  handled.  The  glass  is  let  in  flush  with  the  top  of  the  wood,  and 
each  pane  is  fixed  by  four  small  brass  clips  screwed  to  the  frame.  In  this 
way,  except  for  the  clips,  the  top  of  the  glass  cover  over  the  pan  presents  a 
level  surface.  The  frames  over  the  tide  generator  are  connected  with  those 
over  the  pan  by  a  hinge  joint,  made  of  two  strips  of  pine  hinged  to  each 
other  and  to  the  frames. 

A  somewhat  similar  arrangement  exists  in  tank  B,  except  that  there  are 
only  four  frames  each  with  a  single  pane  2'  x  2'.  In  both  tanks  the  glass 
frames  are  fastened  by  screws  to  the  sides,  which  screws  have  to  be  taken 
out  before  the  fi-ames  can  be  removed. 

The  gearing,  which  is  arranged  to  be  driven  either  from  a  small  \vater- 
engine  or  the  running  shafting,  is  shown  in  the  drawings. 

The  crank  is  adjustable  so  as  to  give  any  required  tide  up  to  the 
maximum.  In  tank  A,  the  pulley  driven  by  the  belt  from  the  motor  or 
shaft  makes  700  revolutions  for  one  of  the  crank,  and  has  a  fly-wheel  which 
considerably  helps  the  motor  over  any  little  irregularities  in  the  balance. 
The  gearing  in  tank  B  is  driven  either  direct  from  the  motor  or  from  a 
pulley  on  the  second  shaft  in  the  gearing  of  A,  in  which  way  a  fixed  relation 
in  speed  is  obtained  when  the  tanks  are  working  together.  The  motor  was 
obtained  from  Alderman  Bailey,  Albion  Works,  Salford ;  it  is  a  double- 
acting  oscillating  water-engine  with  a  f "  piston  and  4"  stroke.  The  available 
pressure  of  water  is  50  lbs.  steady  pressure ;  the  consumption  is  about 
1  gallon  per  100  revolutions.  At  the  highest  speed,  2  tides  a  minute,  the 
motor  only  makes  about  200  revolutions  per  minute,  so  that  the  13,000 
gallons  will  keep  it  going  over  three  days,  and  has  done  so  from  Saturday 
till  Tuesday,  Monday  being  Bank  Holiday.     It  has  nm  day  and  night  and 
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Sunday,  since  8tartiiig  iu  Junt',  withmit  ojic^  stopping,  making  over 
12,000,000  revolutions,  and  is  none  the?  worse.  If  it  used  the  full  pressut^ 
it  wtuild^  when  run  at  100  revolutions,  do  about  *044  horse*power.  Owing 
U*  tht'  t:areful  balance  of  the  tanks  aiifl  the  use  of  f^pur  instead  of  worm 
gearing,  the  work  required  m  not  more  than  *0O8  horse- j>ower,  i*o  that  tive*  — 
sixths  of  the  pres*3iire  in  ^;pent  in  overcoming  the  Huid  resistance,  whicb,  f 
iiiere44sing  as  the  square  of  the  speed,  affords  a  very  importaait  means  of 
regulating  the  speed,  which,  indeed,  is  thus  rendered  very  regular. 


SurV€j/inf/  Applmncea. — Since  the  c^^ntiguration  of  the  sand  produced 
uudei'  different  circumstances  can  only  he  compared  by  niean,s  of  i'eccnd& 
such  as  charts  or  sections,  the  practicability  of  the  investigation  depended 
on  the  finding  of  some  means  by  which  the  sections  or  contour-lines  on 
the  sand  could  be  rapidly  and  accurately  surveyed. 


1 


1 


The  floor  of  the  estuary  was  made  flat  and  careftdly  levelled,  so  that  the 
depth  of  sand  at  any  point  could  be  at  once  ascertained  by  sinking  a  fini^ 
scale  through  it  to  the  bottom  ;  and  for  thi^  purpose  scales  were  coustructd 
of  strips  of  sheet  brass  ^01'  broad  and  1)1"  thick.  On  these  the  alternate 
'Or  were  painted  white,  and  the  intermediate  spaces  in  the  fii^st  (Xl  were 
painted  red,  in  the  second  O'-l  black,  and  au  on,  the  scales  being  then 
varnished  with  paraffin,  M 

These  scales  would  stand  in  the  sand  edgeways  to  the  cun-ent,  and  so  k* 
ijiMde  iutu  ]>ormnoi'ot  HatKl-rrniiETfs.  vvhirh  could  Ik*  rvn<l  ]n^nnilically  ^^ith^^ut 
removing  the  glass  or  stopping  the  tide.  For  tank  B  the  scales  were  half 
the  size  of  those  for  tank  A. 

The  resistance  which  a  few  such  thin  obstructions  offered  to  the  water 
would  be  very  small,  but  if  the  gauges  were  numerous  the  resistance  would 
be  a  serious  matter,  so  that  a  more  general  method  of  taking  a  final  survey 
was  necessary. 

The  ease  and  simplicity  with  which  the  contour-line  could  be  found  when 
the  tides  were  not  running,  by  adjusting  the  level  of  the  still  water  and 
observing  its  boundary  on  the  sand,  reduced  the  question  of  making  a 
contour  survey  to  the  providing  of  the  means — 

1.  Of  adjusting  the  level  of  still  water  to  any  required  height. 

2.  Of  rapidly  and  accurately  determining  the  horizontal  position  of 
points  on  the  edge  of  the  water. 

The  tide-gauge,  shown  in  the  drawing  on  the  top  of  the  tank,  which 
would  stand  on  the  glass  which  gave  a  level  surface,  answered  well  to 
determine  the  level  of  the  water. 

For  the  purpose  of  surveying  the  contours  a  system  of  horizontal  survey- 
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lines  were  set  out  in  the  covering  frames,  consisting  of  black  thread  stretched 
immediately  beneath  the  glass  in  the  frames.  The  lines  are  6"  apart ;  those 
parallel  with  sides  are  called  lines,  and  those  at  right  angles  sections.  The 
first  section  is  3"  from  the  end  of  the  tank*  and  the  lines  are  so  placed 
that  one  of  them  bisects  the  tank. 

These  survey-lines  divide  the  entire  surface  of  the  fixed  tray  into  equal 
squares.  They  are,  however,  11"  from  the  bottom  and  about  8  from  the 
sand;  besides,  they  are  six  inches  apart,  so  that  to  make  accurate  use  of 
them  for  surveying  the  sand  it  was  necessary  to  use  some  means  of  projecting 
a  poiut  vertically  up  to  the  level  of  the  glass  and  scale  its  distance  from  a 
line  and  a  section.  This  is  accomplished  by  a  little  instrument,  which  may 
be  called  a  projector,  shown  on  the  top  of  tank  A. 

It  has  a  foot  which  consists  of  two  scales  placed  at  right  angles,  so  that 
the  zero-lines  on  both,  if  produced,  would  meet  in  a  point  about  half  an  inch 
from  the  edge  of  the  scale.  About  this  point  there  is  a  hole  through  the 
foot,  with  cross-wires  so  placed  that  they  intersect  in  the  point  of  intersection 
of  the  zero-lines.  Vertically  above  this  is  a  horizontal  plate  with  a  pin-hole, 
so  that,  when  placed  on  the  horizontal  glass,  any  point  below,  seen  through 
the  pin-hole  on  the  cross- wires,  is  vertically  below  the  intersection  of  the 
zero-line  of  the  scales;  and  hence  if  these  scales  are  parallel  to  the  lines 
and  sections,  the  distances  of  the  point  from  these  are  read  at  once  on  the 
scales.  This  method  of  surveying  lends  itself  readily  to  plotting  on  section 
paper.  This  may  be  done  directly,  the  glass  cover  of  the  tank  serving  for 
a  table;  each  point  may  be  plotted  as  it  is  observed;  and  in  this  way 
Mr  Bamford  is  now  able  to  survey  and  plot  a  complete  contour-line  in  from 
fifteen  to  thirty  minutes,  and  requires  only  about  five  hours  to  make  a 
complete  survey  plotting  the  charts. 

One  very  great  desideratum  has  been  a  graphic  recording  tide-gauge.  So 
much  depends  on  the  manner  of  rise  and  fall  of  the  tide  that  it  does  not 
seem  sufficient  to  know  that  it  is  produced  by  a  simple  harmonic  motion  ; 
the  curve  should  be  recorded  for  each  experiment  at  different  parts  of  the 
tank.  The  want  of  means  and  time  have  prevented  any  attempt  to  supply 
such  a  gauge. 

Curves  have  been  obtained  for  most  of  the  experiments  by  means  of  the 
simple  tide-gauge.  The  crank-wheel  being  divided  into  sixteen  equal  arcs, 
one  observer  observes  the  wheel  and  another  the  gauge.  When  a  particular 
number  comes  to  the  index  the  observer  at  the  wheel  calls,  and  the  other 
observer  reads  the  gauge,  and  then  shifts  the  sliding  pointer  to  the  point  at 
which  the  tide-index  was,  so  that  on  the  next   revolution,  when   the   call 

*  This  somewhat  awkward  arrangement  was  necessary  on  account  of  the  wood  in  the  frames. 
o.  R.  II.  25 
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cQm(33  again,  he  can  observe  if  the  pointer  coincides  exivctly  with  the  indei 

or  requires  adjuatmont.  Having  brought  about  coincidence',  he  then  proceeAs 
to  the  nt>xt  number.  In  this  way  it  takes  about  half  an  hour  to  read  the 
curve.  Time,  however,  is  not  the  only  objection,  a  greater  one  being  ihat 
any  irregularities  in  the  motion  of  the  wheel  do  not  appear  in  the  curve. 
The  motion  of  the  wheel  hns  been  as  far  as  possible  chocked  by  the  clock. 
bnt  still  there  ib  room  for  important  errons^  which  a  chronograph  would 
obviate* 

The  Selection  of  Sand. — Sir  James  Douglas  having  informed  me  thftt 
clean  ^hell  sand  could  be  obtained,  and  having  sent  me  samplen  which,  frnm 
the  teats  to  which  I  s^ubjected  them,  seemed  to  be  quite  as  readily  movd 
by  the  water  as  the  finest  Calais  wand,  I  astked  him  to  procure  a  qnantity— 
fifteen  bushels  of  Huna  Bay  shell  sand— and  in  the  meantime  I  procureri  d 
flimiUir  ^juantity  of  Calais  aaud,  so  that  I  might  be  prepared  with  whichever 
ahowed  itself  best  in  actual  experitnents. 

Selection  of  the  Ea^perime'hts.~li  having  been  decided  that  in  the 
instance  the  purpose  of  the  experiments  f^hould  be  the  compaj'ison  of  the 
distributions  of  sand  produced  under  particular  lateral  configurations,  and 
with  different  relations  between  the  vertical  and  horizontal  scales  in  the 
same  model,  and  with  similar  relations  in  these  scales  in  the  two  mo«lek 
the  only  matters  left  for  Bclcction  in  starting  these  experimeDts  were  the 
scales  and  pai'ticular  configurations. 

There  was  apparently  no  reason  for  attempting  the  very  diflScult  operation 
of  modelling  any  actual  estuary,  and,  setting  this  aside,  the  question  of  choice 
mainly  turned  on  whether  it  was  best  to  begin  with  complex  or  simple 
circumstances.  There  was  considerable  temptation  to  commence  with  complex, 
i.e,  boldly  irregular  boundaries,  so  that  the  influence  of  the  boundaries  might 
predominate  over  such  other  influences  as  exist ;  in  which  case  the  influence 
of  the  boundaries  would  be  tested  by  the  similarity  of  the  distributions 
produced  with  different  ratios  of  horizontal  and  vertical  scalea  On  the 
other  hand,  however,  it  appeared  that  as  the  main  object  of  these  researches 
is  to  differentiate  and  examine  the  various  circumstances  which  influence 
the  distribution  of  the  sand,  it  was  desirable,  in  starting,  to  simplify  as 
much  as  possible  all  the  circumstances  directly  under  control,  and  so  affoiti 
an  opportunity  for  other  more  occult  causes  to  reveal  themselves  through 
their  effects,  and  to  determine  the  laws  of  similarity  of  these  effects. 

The  simplest  of  all  circumstances  would  be  that  of  no  lateral  boundaries 
whatever — a  straight  foreshore  of  unlimited  length  with  a  shelving  sandy 
beach,  up  and  down  which  the  tide  runs  until  it  has  brought  the  beach 
to  a  state  of  equilibrium. 
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This  being  an  impossibility,  the  nearest  approach  to  it  is  that  of  a  beach 
or  estuary  with  vertical  lateral  boundaries  parallel  to  the  direction  of  flow 
of  the  tide.  And  the  broader  such  estuary  is  in  proportion  to  its  length 
the  less  would  be  the  effect  of  the  lateral  boundaries.  The  effect  of  the 
tide  running  straight  up  and  down  such  an  estuary  might  tend  to  shift 
the  sand  up  or  down  according  to  the  slope  at  each  point,  and  the  period 
and  height  of  the  tide,  or  until  some  definite  relation  between  these  three 
quantities  was  attained.  If  such  a  relation  exists,  its  elucidation  would  seem 
to  be  fundamental  to  a  full  understanding  of  the  rigime  of  estuaries. 

Further,  there  was  the  very  important  question  how  far  such  a  tidal 
action  would  leave  the  bed  beach-like,  with  uniform  slope  and  straight 
contours,  or  groove  it  with  low-water  channels  as  in  the  mouths  of  estuaries, 
i.e.  whether  a  parallel  estuary  without  land  water,  having  a  uniform  slope 
and  straight  contours,  would  be  stable  under  the  action  of  a  tide  of  which 
the  general  motion  was  straight  up  and  down. 

Considering  that  the  new  rectangular  tanks  with  their  clean  paraffined 
sides  were  admirably  adapted  for  such  experiments,  and  that  any  internal 
modelling  would  have  required  further  time,  which  was  already  very  short, 
if  a  report  was  to  be  presented  at  the  Newcastle  meeting,  it  was  decided  to 
commence  with  a  series  of  experiments  on  the  general  slope  and  configura- 
tion of  the  sand  with  parallel  vertical  sides,  after  making  some  preliminary 
experiments  while  the  tank  A  was  having  a  preliminary  run  to  test  the 
working  of  the  motor. 

Following  is  an  abstract  account  of  these  experiments  and  the  results 
obtained.  It  has  not  been  thought  desirable  to  introduce  into  this  report 
a  complete  copy  of  the  note-book.  The  initial  conditions  of  each  experiment 
are  given,  together  with  the  date,  the  number  of  tides  run,  and  the  mean 
period  of  the  tide;  also  notes  made  during  the  running  on  circumstances 
which  are  likely  to  have  affected  the  general  results.  The  final  results  are 
contained  in  the  charts  (or  plans  as  they  are  headed),  the  longitudinal  and 
cross  sections,  which  have  been  taken  from  the  charts,  and  the  diagram  of 
mean  slope  obtained  from  the  areas  of  contours.  These  are  all  appended 
to  the  report. 

Preliminary  Experiments  with  Balls. — Tiittle  balls  of  paraffin  the  size  of 
peas  were  prepared,  colouring  matter  having  been  first  mixed  with  the 
paraffin  to  distinguish  the  balls,  and  to  so  load  some  that  they  would  just 
sink  while  others  floated.  Then,  before  the  motor  was  started,  the  water 
being  quite  still,  the  balls  were  placed  in  rows  across  the  tank  at  definite 
distances  down  the  tank,  and  from  the  centre  line — one  set  of  balls  on  the 
bottom  and  another  set  floating  above.  The  motor  was  then  started,  and 
the  change  in  position  of  the  balls  noted. 

25—2 
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It  was  a»ippoNC(l  thnt  th^:*  flnatiiig  balls  would  move  with  the  water  mid 
show  by  any  change  of  their  mean  pfmition  if  there  wa§  any  circulatioii  in 
ihii  watar.  Thin  was  what  they  did  when  the  iurfatit*  of  th©  water  m» 
perfeL^tly  clean,  but  the  ijlightcst  svum  very  gresitly  tliiniiiish«>d  the  rmp 
of  the  motion  of  the  floating  balls.  This  matter  of  scum,  if  it  can  be  so 
callGd,  when  it  is  entirely  ini|jerceivab!e  by  the  eye,  ii*  very  importiiiit  in 
these  model  experiments  ;  for.  however  slight  it  is,  it  tendjs  to  preveut  the 
horizontal  motion  of  the  immediate  surface,  and  indirectly  to  modify  the 
internal  irif»titm  of  the  water;  the  only  test  of  perfect  fi-eedom  from  gurfa<!e 
impurity  u  that  small  drops  mused  by  a  splash  falling  on  the  surfm^e  Bmi 
along.  When  the  surface  was  in  siieh  a  state  the  Boating  paraffin  bulls* 
oscillated  up  and  down  with  the  vrater,  and  kept  the  position  for  manv 
oscillationf*  both  up  and  down  and  across  the  channel. 

The  siukiug  balls  are  subject  to  the  constant  resistance  of  the  bottom, 
no  that  their  motion  i^  not  erpial  or  pmportional  to  the  motion  of  the  water 
— for  a  ^^uffieieutly  slow  motion  of  the  water  the  ball  would  not  move;  so 
that  if  the  ebb  were  just  not  sufficient  to  move  the  ball,  and  the  flood  were  I 
stronger,  the  ball  would  be  moved  up  each  tide,  or  vice  mrml,  and  the  same 
resultant  motion  would  follow,  even  though  the  ball  might  be  moved  some- 
what by  both  ebb  and  flood  ;  the  strongest  would  carry  the  ball  farthest 
In  this  way  they  furnished  a  very  delicate  test  as  to  the  symmetry  of  the 
tides  and  the  sufficiency  of  the  balancing,    * 
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Experiments  on  the  Movement  and  Equilibrium  of  Saiid  in  a  Tide  Way. 

Series  1. — Tide  running  in  a  uniform  rectangular  pan  with  vertical  sides 
and  end,  and  a  level  bottom  for  the  sand  to  rest  on. 

Experiment  1  (tank  A),  commenced  June  22. — Three  cubic  inches  of 
Calais  sand  was  placed  in  a  heap  on  section  17  and  line  1^  and  3  cubic 
inches  of  Huna  Bay  shell  sand  similarly  on  section  17  and  line  1^,  the  tank 
being  otherwise  clean  and  empty.  Then,  with  low  water  0083  of  a  foot 
and  high  water  '23'  from  the  bottom,  the  tide  was  set  running  with  a  period 
of  55  sees.  After  3000  tides,  the  white  sand  spread  upwards  from  section 
165  to  12  7  in  7  ripples,  having  just  painted  the  bottom  1  grain  thick  down 
to  section  22. 

The  Huna  Bay  shell  sand  spread  upwards  from  section  18  to  14'25  in 
4  ripples,  also  having  painted  the  floor  down. 

Experiment  2  (tank  A),  commenced  June  24. — Calais  sand  was  introduced 
as  a  uniform  bank  across  the  channel. 

Experiment  3  (tank  A). — The  Calais  sand  was  arranged  exactly  as  for 
Experiment  2. 
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Experiment  4  (tank  A). — A  repetition  of  Experiment  3,  observations  being 
directed  more  closely  to  the  motion  of  the  sand  after  starting. 

Experiment  5  (tank  A),  July  5  (Plans  III.  to  VI.). — Calais  sand  passed 
through  a  sieve  into  the  tank,  in  which  there  was  sufficient  water  to  cover 
the  sand  until  there  was  enough  sand  to  fill  the  tank  from  the  upper  end  to 
section  18,  to  a  depth  of  0  25  foot,  terminating  in  a  natural  slope  from 
section  18  to  the  floor.  Then  the  sand,  which  was  in  excess  at  the  upper 
end,  was  carefully  levelled  by  means  of  a  wooden  float  guided  on  the  sides 
of  the  tank,  and  having  its  straight  edge  completely  across  the  tank  0*2o 
foot  from  the  bottom.  The  scummer  was  then  adjusted  to  keep  the  low 
water  at  0181  from  the  floor,  and  the  crank  adjusted  to  give  a  rise  of  01 66 
over  the  whole  tank.  The  actual  rise  at  starting,  owing  to  the  sand  above 
low  water,  was  0*2'  over  the  whole  surface. 

The  tank  was  then  started,  and  ran  12,607  tides  at  a  period  of  53  sees., 
when  the  speed  was  increased  to  50  sees,  and  continued  for  3589  tides; 
then,  as  the  condition  seemed  very  steady,  the  survey  for  Plan  I.  was  made. 

At  the  starting  of  the  tank  careful  note  was  taken  of  the  progressive 
appearances,  and  during  the  interval  of  running,  which  occupied  from  July  5 
to  July  15,  sand  gauges  were  introduced  and  read  daily,  as  well  as  other 
notes  of  progress  made.  The  periods  of  rise  and  fall  of  the  tide  were 
ckecked,  and  a  curve  taken  which  showed  the  rise  and  fall  at  the  generator 
to  be  symmetrical  and  nearly  harmonic. 

The  sand  was  found  to  descend  down  the  tank  towards  the  generator  in 
a  steadily  diminishing  manner,  while  at  the  same  time  it  rose  towards  the 
head  of  the  tank  at  a  steadily  diminishing  rate,  until  both  these  changes 
ceased  to  be  observable.  The  configuration  of  the  surface  also  changed  at 
a  steadily  diminishing  rate.  The  chief  features  in  this  configuration  were 
the  banks,  which  gradually  formed  at  the  head  of  the  tank  in  a  very  sym- 
metrical form,  and  then  extended  down  the  tank  past  low-water  level,  losing 
their  symmetry  as  the  low-water  channels  between  them  began  to  take 
eflFect.  These  banks  and  channels  appear  clearly  in  the  plan.  The  minor 
features  were  ntimerous  minor  channels  caused  by  the  water  running  off  the 
banks.  These  covered  the  surface  with  very  beautiful  detail,  which,  however, 
it  is  quite  impossible  to  record.  Also  ripple  bars  across  the  channel  below 
low  water. 

After  the  firat  survey  was  taken  the  tank  was  started  again  July  17  at 
a  somewhat  slower  period,  viz.,  66*7  seconds,  and  ran  for  7815  tides,  when 
the  second  survey  was  made.  The  daily  observation  taken  as  before  showed 
considerable  changes  of  detail — so  much  so  that  it  was  a  matter  of  surprise 
to  find  that  Plan  II.  corresponded  almost  exactly  with   Plan  I.,  the   only 
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to  show  a  gpaator  rate  of  downward  pi-ogreasioii,  at  the  middle  of  the  fcank. 
towards  the  generator  tliaii  at  the  sides,  and  this  was  followed  by  a  somewhat 
more  rapid  descent  uf  the  tower  edge  of  the  sand,  which  after  5000  tides 
began  to  accuraulate  in  the  generator,  from  which  about  seven  pounds  was 
removed* 

From  this  stage  the  lower  end  of  the  tank  B  differetl  considerabl}'  turn 
that  of  tank  A  in  the  same  stage.  At  the  npper  end  the  appearances  were 
almost  identical >  and  the  reading  of  the  sand  gauges  agreed  welL 

As  the  experiment  progressed,  the  sand,  ini^tead  of  having  a  ncAfly 
uniform  downward  slope  from  the  head  to  the  generator,  had  a  unifurm 
slope  down  the  middle  of  the  tank,  with  two  large  banks  uJ£ tending  frtjoi 
action  8  to  section  17  on  each  side,  that  on  the  right  being  loiigtn 
The  experiment  wa8  cuntiniied  for  11,013  tides,  when  it  was  found  that 
the  water  was  much  too  low,  owing  to  misadjustment  of  the  scummeri  ihm 
as  there  was  no  ptjssibility  of  saying  how  long  thiij  had  been  going  an,  the 
experiment  wa^  stopped. 

Expertment  2  (tank  B,  Fig.  7,  p.  407),  August  28.  Plan  1.— In  this  the 
conditions  of  Ex|}eriment  1  were  repeated,  the  edge  of  the  Boat  having  k*Q 
replaned.  The  results  from  starting  w^ere  ahnost  identical  with  those  ■ 
observed  in  Experimcrnt  1.  The  sand  again  came  down  IjEistest  in  the 
middle,  and  faster  than  in  tank  A,  Seven  pounds  were  removetl  from 
the  generator,  and  subsequently  the  condition  of  the  model  as  regards  the  M 
lateral  banks  was  nearly  the  same,  except  that  the  longer  bank  was  on  the 
left.  The  experiment  was  continued  with  speeds  exactly  corresponding  to 
those  of  Experiment  5,  tank  A,  until  16,344  tides  had  been  run;  then 
Plan  I.  was  taken.  The  tank  was  then  set  running  again  at  35*5  seconds 
and  continued  for  6757  tides,  when  considerable  changes  had  taken  place 
towards  the  lower  end  of  the  tank.  A  partial  survey  was  then  made  and 
recorded,  and  the  experiment  stopped. 

Experiment  3  (tank  A,  Fig.  8,  p.  408,  and  tank  B.  Fig.  9,  p.  409),  Sept.  2.— 
The  sand  in  both  tanks  was  arranged  as  before,  a  new  float  straightened  to 
a  surface  plate  being  used  for  B,  and  the  level  of  the  sand  in  both  tanks 
tested  by  water,  as  in  Experiment  6  A,  which  tests  showed  that  the  sand  in 
A  was  perhaps  -01"  highest  on  the  left,  while  in  B  it  was  to  something  like 
the  same  extent  highest  on  the  right. 

The  tanks  were  coupled,  A  being  driven  from  the  motor  and  B  from  A 
Both  were  set  to  low  tide  at  starting,  and  the  start  made  at  full  speed, 
33  seconds  tank  A.  The  progressive  appearances  simultaneously  observed 
were  identical,  with  the  same  exception  as  before  noted.  Immediately  after 
starting,  the  periods  of  rise  and  fall  of  the  generator  of  A  were  observed, 
and  the  fall  being  slightly  the  larger,  25  lbs.  was  removed  from  the  balance 
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weight,  which  restored  the  equality.  After  77  tides  it  was  observed  that 
the  sand  in  A  was  coming  down  much  faster  than  in  B,  and  had  already 
begun  to  come  into  the  genemtor ;  the  periods  of  rise  and  fall  were  noted, 
and  it  was  found  that  the  rise  was  17  seconds  and  the  fall  15  seconds.  The 
weight  was  replaced,  the  tanks  stopped,  and  56  lbs.  of  sand  removed  from  the 
generator  and  lower  end  of  the  trough  of  A  which  left  the  end  of  the  sand 
the  same  in  both  tanks.  The  tanks  were  then  started,  and  the  rise  and  fall 
in  A  were  equal. 

It  may  be  well  to  remark  that  though  the  tank  B  is  driven  from  A, 
the  periods  do  not  synchronise,  so  that  the  unequal  motion  caused  by 
imperfect  balance  of  A  eventually  affects  all  stages  of  the  tide  in  B 
equally,  while  the  resistance  of  B  is  so  small  compared  with  that  of  A, 
that  any  want  of  balance  hardly  affects  the  motor  when  driving  both  tanks. 
In  starting  there  would  be  the  same  disturbance  of  balance  in  both  tanks 
owing  to  the  slow  descent  of  the  water  from  the  flat  sand,  but  it  would  be 
only  that  of  A  that  would  affect  the  balance. 

After  running  1653  tides,  tank  A,  it  was  seen  that  the  sand  had  come 
into  the  generators  of  both  tanks,  so  a  stop  was  made,  and  all  sand  below 
section  20  again  removed  from  both  tanks — 120  lbs.  from  A  and  12  lbs. 
from  B,  making  altogether  176  lbs.  from  A  against  12  lbs.  from  B. 
Considering  that  1  lb.  in  B  is  equivalent  to  8  lbs.  in  A,  and  that 
altogether  in  A  there  would  be  1100  lbs.,  B  was  left  with  about  7  per  cent, 
more  sand,  in  proportion,  than  A. 

The  experiment  was  then  continued,  the  sand  coming  down  in  both  tanks, 
but  not  so  as  to  get  into  the  generators.  The  motion  of  the  sand  in  the  two 
tanks  followed  almost  exactly  the  same  course,  B  gradually  taking  the  lead. 
In  this  case  there  was  not  the  least  sign  of  the  middle  channel  in  B,  the  sand 
keeping  level  across  and  following  the  same  course  as  had  previously  been 
observed  in  Experiments  5  and  6  A. 

When  B  had  run  16,570  tides  it  was  stopped  for  surveying,  while  A  was 
allowed  to  run  on  to  make  up  the  number  of  tides. 

Surveys  were  then  made. 

Discussion  of  the  Results  Obtained. 

Since  the  experiments  have  been  arranged  in  accordance  with  the  law  of 
kinetic  similarity,  followed  in  my  previous  experiments,  it  may  be  well  to 
restate  this  law  before  proceeding  to  discuss  the  results. 

If  A  be  the  depth  of  water  in  a  uniform  trough,  it  is  well  known  that 
the  velocity  of  a  wave,  of  which  the  length  L  compared  with  h  is  great, 


394  O^  THl   ACnOH  OF   WAVES   AND   CURBENTS,  [sif 

aud  of  which  the  height  is  propJi  tional  to  A,  varies  as   the  sqttiire  root 
of  k 

For  geometrical  similaritj"  at  any  instant  the  lengths  of  the  trougb 
must  bo  pniportional  to  L. 

The  period  uf  ri^e  and  fall,  p,  will  thus  be  iuvei'sely  proportional  to 

Hence  for  the  law  of  kinetic  siinilarit;, 

Wi  (l), 

has  a  coiusitaiit  value  for  all  scalea* 

Thii^  law  takes  no  account  of  the  resifitance  of  the  bed.  for  a  first  &fptm- 
niatiou  to  whieh  the  law  would  be 

i )^ £i„.. ....,..- .M 

constant,  where  A  and  B  are  constants  to  be  determined  by  experiments. 

Since  the  comparative  jieriods  i>f  the  two  tanks  have  been  made  pTOpor- 
tional  to  the  square  roots  of  their  dimensions,  B.g.  the  period  of  tank  A, 
*J2  times  the  period  of  tank  B,  the  bottom  resistances  produce  dynamicallj 
similar  results. 

In  comparing  the  results  obtained  with  the  same  values  of  A  in  the 
same  tank  with  different  periods,  the  bottom  resistances  would  be  different, 
and  this  difference  should  appear  in  the  results  unless  too  small  to  be 
appreciable,  in  which  case  the  results  would  compare  with  the  simple 
period. 

There  are  four  other  sources  of  possible  divergence  from  the  simple 
dynamic  law,  which  will  become  larger  as  the  periods  become  slower  and  the 
tide  lower : — 

1.  The  drainage  of  the  sand  after  the  tide  has  left  it  supplies  the  low- 
water  channels  with  a  constant  stream  at  low  water ;  the  velocity  of  this 
stream  will  depend  on  the  slope  and  quantity  supplied,  and  supposing  the 
quantity  to  be  proportional  to  AZ^,  the  depth  of  the  water  in  the  low- 
water  channels  (not  the  depth  of  the  channels)  will  be  proportional  to  the 
cube  root  of  the  slope  ; 

2.  The  size  of  the  grains  of  sand,  which  require  a  certain  velocity 
before  they  move ; 
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3.  The  fouling  of  the  sand  by  growth,  &c.,  which  increases  as  the 
shifting  of  the  sand  diminishes ;  and 

4.  The  viscosity  of  the  water,  which  causes  a  definite  change  in  the 
internal  motion  of  the  water  when  the  velocity  falls  below  a  point  which  is 
inversely  proportional  to  the  dimensions  of  the  channel. 

The  effect  of  1  would  be  confined  to  the  channels;  2  and  3  would 
tend  to  diminish  the  rate  of  action;  the  4th  might  seriously  alter  the 
rate  of  action  at  different  parts  of  the  estuary,  and  would  also  affect  the 
appearance  of  the  sand  surface. 

The  ground  so  far  covered  by  the  experiments  has  been  confined  to 
one  initial  arrangement  and  to  one  height  of  tide  in  each  tank,  these  being 
similar.  Two  periods  have  been  tried  in  each  tank,  the  relation  between  the 
periods  in  the  different  tanks  being  as  the  square  roots  of  the  dimensions. 
Six  experiments  have  been  started: 

2  in  tank  A  with  a  period  of  53     sees. 

1  33 

2  in  tank  B      „  „        36-5      „ 
A             I,                „  „  -o'3       „ 

Of  the  two  experiments  started  at  53  seconds  in  tank  A  the  first  was 
continued  for  12,697  tides,  and  then  for  3589  tides  at  a  period  of  50  sees., 
and  a  survey  made  (Fig.  3,  p.  403).  It  was  then  continued  7815  tides  at  65*1 
sees.,  and  the  plan  marked.  Fig.  4,  p.  404;  it  was  then  continued  17,750  tides 
with  intermittent  waves  at  a  period  of  60*6  sees.,  and  a  survey  made  (Fig.  5, 
p.  405). 

It  was  then  continued  for  12,705  tides  at  periods  varying  from  33  sees., 
having  a  mean  43,  and  Plan  4  (Fig.  6,  p.  406)  made,  then  continued  at  a 
period  of  333  sees,  with  intermittent  waves,  when  it  was  re-surveyed 
(dotted  on  Plan  4). 

The  second  experiment  at  53  sees.,  tank  A,  was  continued  to  8700  tides 
with  the  same  results  as  the  first. 

Of  the  two  experiments  in  tank  B  the  first  was  continued  to  11,013  tides 
as  in  A,  then  stopped.  The  second  was  continued  to  12058  tides  at  36*8  sees. ; 
then  at  4280  tides  at  36  sees.,  and  surveyed  (Plan  1  B,  Fig.  7,  p.  407) ;  then 
continued  to  6769  more  tides  at  36,  and  again  surveyed. 

The  experiments  started  at  33  sees.,  tank  A,  and  23*3  sees.,  tank  B,  were 
continued  to  16,603  tides  and  then  surveyed  (Figs.  8  and  9,  pp.  408,  409). 

In  all  these  six  experiments  the  manner  in  which  the  water  commenced 
and  proceeded  to  redistribute  the  sand  was  essentially  the  same,  the  general 
appearances  of  the  surface  being,  with  the  exception  of  one  or  two  particulars, 
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the  same  at  the  same  n umber  of  tides  up  to  1200.  After  thia  the  two  low- 
speed  experiraents  in  B  bogaii  to  pre^nt  more  noticeable  differences  from  the 
other  experiments,  which  continued  to  pmseDt  similar  appediunees  at  comt- 
sponding  tides  to  the  ead. 

It  thus  appeared: — 

1,  That  the  rate  of  action  was  proportional  to  the  uumber  of  tides; 

2,  That  the  first  result  of  the  tide* way  was  to  arrange  the  sand  in  a 
continuous  slope,  gradually  diminishing  from  high  water  ta  a  depth  about 
equal  to  the  tide  below  low  water ; 

3,  That  the  second  action  was  to  groove  this  beach  into  banks  and  loir- 
water  channels,  which  attained  certain  general  proportions  (plans  5  and  7  i 
and  2  B,  and  cross  sections,  Figs.  5,  8  and  7); 

4,  That  the  ^lope  arrived  at  after  16,000  tides  was  the  same  at  the  high 
wpecd  in  both  models  working  at  corre;^ ponding  periods,  ^/2  to  1  (sections,  Figs, 

8  and  9} ;  f 

5,  That  in  both  models  the  steepness  of  the  actual  slope  increased  as  the 
tidal  period  diminished  (sections.  Figs.  5,  8,  7  and  9), 

Owing  to  the  grooving  of  the  surface,  the  exact  slopes  at  the  various 
speeds  cannot  be  exactly  compared.  One  way  of  effecting  a  compariMja  has 
been  to  take  the  highest  points  on  each  cross  section  down  the  slope,  and 
plot  them  as  a  loogitudiual  section,  and  in  the  same  way  tu  take  the  lowt^^t 
points  and  plot  them  as  another.  These  are  shown  in  the  two  longitudinal 
sections  which  accompany  each  plan. 

The  increase  of  the  slope  with  the  diminution  of  the  tidal  period,  both  as 
regards  the  banks  and  channels,  is  thus  rendered  apparent ;  but  these  sections 
do  not  admit  of  an  accurate  comparison. 

Some  definite  and  accurate  method  of  comparing  these  slopes  was  essential 
before  any  definite  conclusions  could  be  arrived  at  respecting  the  laws  of 
similarity.  To  meet  this  the  areas  above  the  successive  contours  have  been 
taken  out.  These  areas  respectively  divided  by  the  breadth  of  the  plan  give 
the  mean  distance  of  the  respective  contours  from  the  head  of  the  estuary, 
and  the  heights  of  these  contours  plotted  to  this  mean  distance  give  a 
definite  mean  slope  of  the  sand.  There  are  certain  minor  objections  to  this 
method,  but  it  is  eminently  definite  and  practical,  and  admits  of  great 
accuracy,  the  areas  being  readily  taken  out  with  a  planimeter  with  very  great 
accuracy  even  for  the  most  complicated  contours.  The  slopes  thus  taken 
out  are  more  readily  compared  if  plotted  to  scales  such  that  the  vertical 
distances  between  high  and  low  water  are  all  equal,  the  horizontal  scales 
being  determined  so  that  the  vertical  exaggeration  is  the  same  in  all  cases. 
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The  slopes  thus  taken  out  from  5  A  (Figs.  3  and  6),  7  A  (Fig.  8),  and 
from  3  B  (Fig.  9)  are  shown  in  (1)  Fig.  2.  They  present  a  great  degree  of 
regularity ;  and  it  is  seen  at  once  that  the  result  of  corresponding  periods 
(33  sees,  tank  A,  and  23  sees,  tank  B,  Figs.  8  and  9)  agree  very  closely. 

In  order  to  compare  the  slopes  with  the  conditions  of  kinetic  similarity, 
all  that  is  necessary  is  to  reduce  the  horizontal  distances  in  the  inverse  ratio 
of  the  periods,  when  the  slopes  should  become  identical.  In  doing  this  the 
horizontal  distances  have  all  been  reduced  to  represent  (according  to  the 
kinetic  law)  a  30-feet  tide  with  the  natural  period  44,400  seconds,  namely,  the 
ratio  of  the  lengths  of  the  estuaries  made  equal  to  the  ratio  of  the  periods 
multiplied  by  the  square  root  of  the  ratio  of  the  heights.  The  actual  rise  and 
fall  of  the  tide  in  the  models  being  taken : — 

The  horizontal  and  vertical  scales  for  the  five  experiments  as  thus  reduced 
to  a  30-feet  tide  are  given  in  Table  I. 

Table  I. 


Reference 

Period  in 
Seconds 

Horizontal 
Scale 

Inches  to 
Mile 

Vertical 
Scale 

Kise  of 
Tide 

V.  A,  Plan  1    ...(3) 
V.  A,  Plan  4    ...(6) 
VII.  A,  Plan  1    (8) 

II.  B,  Plan  1    ...(7) 

III.  B,  Plan  1... (9) 

50 

33-3 

33-6 

35-4 

23-7 

r    -0000862    ) 
(1  in  11,600/ 

(     -000055     1 
(1  in  18,200/ 

(     -000056     ) 
U  in  17,900/ 

/    -0000431    ) 
(1  in  23,200/ 

(     0000299    \ 
U  in  33,400) 

5-45 
3-49 
3-55 
2-72 
1-895 

f     -00587     ) 
1  in  170  ) 

f    -00533     [ 
1  1  in  187  ) 

f      -0055      ) 
1  1  in  182  / 

1    -00293     ) 
1  1  in  341  J 

f    -00313     ) 
I  1  in  317  f 

•176 
•161 
-165 
•088 
-094 

Table  II.  shows  the  measured  height  from  low  water  for  each  of  the 
contours,  together  with  its  mean  distance  from  the  contour  at  the  height 
which,  reduced,  is  30  feet  above  low  water.  Also  the  corresponding  heights 
of  the  contours  of  the  30-feet  natural  tide,  and  the  corresponding  mean 
distances  of  the  contours  measured  in  miles,  from  which  the  curve  of  reduced 
mean  slopes  shown  in  (2)  Fig.  2,  have  been  plotted. 

Considering  the  character  of  the  investigation,  the  agreement  between 
the  slopes  is  quite  as  close  as  could  be  expected,  and  there  is  nothing  to  argue 
from  the  divergences,  except  that  the  effect  of  the  bottom  resistances  has  here 
been  too  small  to  affect  the  results. 
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The  Length  of  the  Foreshore. — The  interval  between  mean  high  and  low 
water,  about  12*5  miles  according  to  the  kinetic  scale  for  a  30-feet  tide, 
cannot  readily  be  compared  with  any  actual  ca<«e,  since  there  are  no  sandy 
foreshores  subject  to  a  30-feet  tide-way  except  those  which  are  in  a  sea-way 
and  subject  to  longitudinal  currents,  while  in  the  deep  bays  and  mouths  of 
estuaries,  slopes  are  cut  up  with  low-water  channels  besides  a  want  of 
regularity  in  the  lateral  boundaries.  In  such  bays  as  Morecambe  Bay,  Lynn 
deeps,  Sol  way  Firth,  the  mean  distance  from  the  shore  to  the  foot  of  the 
sands  at  low  water  must  be  8  or  10  miles,  and  even  taking  this  as  the  actual 
length  it  leaves  no  great  margin  for  the  resistance  of  the  bottom,  which  would 
be  50  or  100  times  greater  in  the  actual  case  than  with  a  model  with  a 
distortion  of  50  or  100  times. 

The  only  divergences  of  importance  occur  at  the  top  and  bottom  of  the 
slopes.  That  at  the  bottom  of  the  curve  for  Experiment  5  A,  Plan  1,  is 
probably  owing  to  the  proximity  of  the  generator,  as  in  this  plan  the  survey 
was  continued  to  the  end  of  the  pan. 

Such  results,  with  regard  to  low- water  channels,  as  have  been  obtained 
from  the  experiments  already  made,  are  not  discussed  in  this  report,  because 
they  have  been  incidental  to  the  immediate  purpose  of  the  experiments  ; 
they  have,  however,  been  carefully  recorded  for  future  reference.  The  same 
might  be  said  of  the  manner  of  action  of  the  water  on  the  sand,  were  it  not 
that  these  experiments  have  revealed  a  part  taken  by  one  of  these  actions,  the 
importance  of  which  does  not  appear  to  have  been  hitherto  observed.  This 
is  the  action  known  as  rippling  of  the  sand.  In  these  experiments  this  action 
is  seen  to  play  an  essential  part  in  determining  the  rate  at  which  the  distri- 
bution of  the  sand  is  effected,  while  the  result  of  this  action — the  ripple 
marks— forms  a  most  conspicuous  feature  in  the  final  distribution,  as  seen  on 
the  plans,  as  well  as  at  all  preceding  stages. 

The  ripple  marks  on  the  strands  are  too  well  known  to  need  description, 
and  there  is  nothing  surprising  that  similar  ripple  marks  should  appear  in 
the  be<ls  of  the  models.  But  although  presenting  a  very  similar  appearance, 
and  being  about  of  the  same  size,  the  ripple  marks  seen  in  all  the  plans  are 
essentially  different  in  their  origin  and  in  the  position  they  take  in  the 
rdgime  of  the  sand  in  the  models  from  that  held  by  the  observed  ripple  marks 
on  the  shore  sands.  This  last  is  caused  by  the  alternating  currents  produced 
by  the  small  swell  running  inshore,  while  that  in  the  model  is  produced  by 
the  alternating  action  of  the  tide.  There  may  seem  nothing  remarkable  in 
this,  considering  that  these  currents  in  magnitude  and  velocity  are  not 
dissimilar — but  if  the  models  are  similar  to  the  results  obtained  in  estuaries, 
the  converse  should  hold,  and  the  estuaries  should  be  similar  to  the  models. 
In  which  case  we  are  face  to  face  with  a  very  striking  conclusion,  that  in  the 
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estuaries  tliere  shtmld  lie — call  it  ripple  mark  or  wave  mark,  pitjduc-ed  bj  \ht 
actioD  of  tho  tide,  similar  to  that  on  the  models  and  otx  a  ecale  proportional 
to  the  height  of  tide  in  the  estuary*  Thus  Home  of  the  ripples  in  the  models 
are  from  hollow  to  cr^st  m  much  m  one-fourth  the  mean  rise  uf  the  tide,  the 
digtanee  between  them  heixtg  12  times  their  height.  This,  in  an  estuarj*, 
would  mean  7  or  8  feet  high  and  HQ  to  100  feet  in  distance. 

These  ripples  iu  the  model  are  almost  f^on fined  to  the  siirfaee  of  the  sflncf 
which  is  below  low- water  mark,  though  in  places  their  Home  what  erod*^?d  ends 
protrude  up  the  slope  from  tho  low- water  channels.  The  existence  of  these 
ripples  very  much  enhances  the  effect  of  the  water  to  shift  the  sand— -this 
wm  noted  in  the  ex j>eriments  2  and  3  on  the  Ivars,  tank  A ;  on  the  tmwth 
walls  of  the  sand  the  current,  which  would  be  about  6  inches  a  second,  diJ 
not  drift  the  sand  at  all,  except  close  to  the  ridge,  and  then  there  was  no 
apparent  effect  till  after  1700  tides,  when  ripples  were  just  beginning,  yet 
when  the  ripple  one©  formed  in  another  1 200  tides  the  top  of  the  bar  bad 
spread  to  V2  inches. 

The  ripples  also  serve  to  show  in  which  way  any  shift  of  the  saod  is 
taking  place,  as  they  have  a  steep  side  looking  tn  the  direction  of  motiuu^ 
and  when  the  slopes  are  equal  it  is  an  indication  of  equilibrium. 

Conchmons* — So  far  as  these  experiments  have  gone  thej  have  shown 
that  similar  results  as  to  the  general  slope  and  rate  of  action  of  the  sand 
can  be  obtained  by  models  working  according  to  the  kinetic  law  as  low  a.^ 
tides  of 

1  inch  with  a  vertical  exaggeration  of  100, 

or  2  inches  „  „  64. 

They  have  not  shown,  however,  that  the  limit  has  been  reached.  Although 
the  results  obtained  with  a  tide  of  1  inch  with  a  vertical  exaggeration  of  64 
in  tank  B  presented  peculiarities  which  appeared  in  two  experiments,  it  is 
still  open  to  question  whether  these  might  not  have  been  owing  to  something 
in  the  initial  circumstances.  This  first  series  is  therefore  yet  incomplete;  it 
should  include  experiments  to  show  the  smallest  vertical  exaggeration  at 
which  similar  results  can  be  obtained  with  tides  as  small  as  half  an  inch 
and  as  large  as  2  inches.  This  would  give  the  law  of  the  limits ;  this 
would  conclude  the  first  series.  Then,  if  the  experiments  are  continued, 
another  series  might  be  undertaken  to  determine  whether  similar  effects 
can  be  obtained  from  land  water  acting  on  such  slopes  as  have  been  already 
obtained ;  and  again,  as  to  the  law  of  slopes  and  cross  sections  on  V-shaped 
estuaries,  and  then,  though  this  has  been  already  established  in  my  previous 
experiment,  as  to  the  effects  of  irregular  lateral  configuration  in  the  shores*. 

*  For  continuatioD,  see  p.  410. 
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been  already  obtained  in  rectangular  estuaries;  and  (3)  to  investigate  the 
character  and  similarity  of  the  results  which  may  be  obtained  with  V-shaped 
estuaries. 

2.  The  two  models,  subject  to  such  modifications  as  were  required  for 
the  various  experiments,  have  been  continuously  occupied  in  this  investigation, 
running,  driven  by  the  water  motor,  at  all  times  when  they  were  not  stopped 
for  surveying  or  arranging  a  fresh  experiment.  They  have  thus  run  about 
five-sixths  of  the  time  day  and  night.  In  this  way  the  large  model  has 
worked  through  in  the  twelve  months  500,000  tides,  corresponding  to  700 
years.  These  tides  have  been  distributed  over  ten  experiments  in  numbers 
from  32,000  to  100,000.  The  smaller  model  has  run  more  tides  than  the 
larger,  and  these  have  been  distributed  over  fourteen  experiments. 

3.  The  experiments  have  all  been  conducted  on  the  same  system  as  is 
described  in  last  year  s  report  (see  p.  380). 

Initially,  with  two  exceptions,  the  sand  has  been  laid  with  its  surface  as 
nearly  as  possible  horizontal  at  the  level  of  half-tide,  extending  from  the 
head  of  the  estuary  to  Section  18,  and  in  the  later  experiments  to  Section  17. 
The  vertical  sand  gauges,  distributed  along  the  middle  line  of  the  estuary, 
have  been  read  and  recorded  once  a  day.  Contour  surveys  have  been  made 
after  the  first  16,000  tides,  and  again  after  the  fii*st  32,000,  and  in  the  longer 
experiment  further  surveys  have  been  made;  in  all,  fifty  complete  surveys 
have  been  made,  and  forty-four  plans,  showing  contours  at  vertical  intervals 
corresponding  to  6  feet  on  a  30-foot  tide,  are  given  in  his  report. 

The  general  conditions  of  each  experiment,  together  with  the  general 
results  obtained,  are  given  in  Table  I.,  p.  436,  and  a  description  of  each 
experiment  is  given  in  §  IV.  p.  423. 

The  importance  of  a  better  means  of  recording  the  tide  curves  was 
mentioned  in  last  year  s  report.  Such  means  have  been  (see  p.  422)  obtained 
during  this  year,  and  automatic  tide  curves  have  been  taken  as  nearly  as 
practical  at  corresponding  numbers  of  tides  during  the  experiments,  these 
curves  being  taken  at  several  definite  sections  in  each  tank.  Two  series 
of  these  curves  have  been  taken  in  the  later  experiments,  one  in  which 
the  paper  is  moved  by  a  clock,  the  pencil  being  moved  by  a  float;  the 
other  in  which  the  paper  is  moved  by  the  tide  generator,  by  which  means 
exactly  similar  motion  for  the  paper  is  secured  at  all  points  of  the  estuary, 
so  that  differences  in  the  phases  of  the  tide  at  different  parts  of  the  estuary 
are  brought  out.     These  curves  are  shown  on  the  plates. 

Mr  H.  Bamford  has  continued  to  conduct  the  experiments,  but  on  account 
of  the  very  great  amount  of  detailed  work  the  entire   time  of  a  second 
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>  ham  been  oeeupi^d.  For  thb  the  f^nices  of  3ir  J.  Hestbcolt,  &8e„ 
were  obtaitied  from  October  to  Febntainp\  when  Mr  Heiitlii?olt  nfatoiiiect  m 
tiLpimuiment  in  the  oSiee  of  th^  engineer  to  the  L.i£  N.VV.R.  in  Msaefaafter. 
Mr  Ureenahielck  then  applied  for  nod  obiatQed  the  post,  and  has  co&tkad 
the  work  with  great  patience  and  m^l, 

§  IL — QeNERAL  R^ULTB  AMD  COEffOI^USIOKa 

4    Tfm  LimiU  to  SimxlarUi/  in  Rmtangidar  E^tuariei. — In  the  eipcri*  " 
ments  of  la^t  year  it  min  found  (1)  that  as  regardii 

L     Rate  of  action  ae  mca^tirDd  hy  the  number  of  tkles  run  ^ 

%     Manner  of  action  ;  and 

3*    The  final  condition  of  equilibrium 

with  tidies*  iif  0*170  fiwt  and  perioda  of  50  and  33  seconds  the  reeullivtfe 

j3  Y  A 

(^iniilnr.  according  to  tht*  hydmkinetic  law^  ^     constant;  (2)  that,  as  r^^i^ 

rate  and  manner  of  action,  the  results  obtained  with  tiden  of  01)94  foot  mi 
|>eriodii  2^7  seconds  were  similar  to  thrj^*  with  the  tide  of  0176;  but  the 
eK]:^riment  had  not  proceeded  to  the  final  condition  of  e(|iiilibrium. 

It  waw  also  foiiud  that  with  tides  of  08H  foot  and  periods  35** 

the  results  nhtained  differed  in  a  liiarked  manner  fmtn  tho  othei-s  as  regards 
rate  and  manner  of  action,  so  much  so  as  to  render  the  attainment  of  a  final 
state  of  equilibrium  impractiaible. 

These  results  seemed  to  indicate  that  for  each  rise  of  tide  there  exists 
some  critical  period  such  that  for  all  suialler  periods  the  results  would  be 
similar  according  to  the  simple  hydrokinetic  law,  while  for  larger  periods 
the  results  would  be  dissimilar  in  a  greater  or  less  degree  to  those  obtained 
with  periods  smaller  than  the  critical  period.  Whether  or  not  the  results 
obtained  with  periods  greater  than  the  critical  periods  would  present  a 
general  similarity  amongst  themselves,  or  even  similarity  under  particular 
relations  among  the  conditions,  were  still  open  questions. 

The  experiments,  as  shown  in  Table  I.,  Table  II.,  made  this  year,  empha- 
tically confirm  the  conclusions  (1)  as  to  the  existence  for  each  rise  of  tide 
of  a  critical  period  at  which  the  rate  and  manner  of  action  begin  to  change, 
being  similar  for  all  smaller  periods ;  (2)  these  experiments  also  confirm  the 
general  similarity  of  the  final  states  of  equilibrium  as  regards  slopes  for 
periods  smaller  than  the  critical  period,  as  shown  in  Table  II. 

The  experiments  (Experiments  IV.  and  VIII.,  B)  this  year,  also  show  that 
with  tides  of  0094  and  0097  foot  the  periods  34*4  and  35*4  seconds  are 
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greater  than  the  critical  periods,  although  the  results  show  a  nearer  approach 
to  similarity,  as  regards  manner  and  rate  of  action,  than  the  results  obtained 
last  year  in  II.  B,  with  the  tide  088  foot  and  period  35  4  seconds,  while  the 
final  conditions  of  similarity  were  approximately  reached. 

With  tides  of  0*088  foot  and  periods  693  seconds  the  results  in  rate  and 
manner  of  action  are  emphatically  different  from  those  with  less  than  the 
critical  period,  and  with  tides  of  0*042  foot  and  periods  50*5  seconds  still 
greater  differences  are  presented. 

On  the  other  hand,  it  is  found  (V.  B)  with  tides  0042  foot  and  periods 
50*5  seconds  that  if  the  sand  be  giveu  a  condition  corresponding  with  the 
condition  of  final  equilibrium,  as  if  the  period  were  above  the  critical  period 
according  to  the  simple  hydrokinetic  law,  this  is  a  state  of  equilibrium ;  and, 
further,  that  it  is  not  a  state  of  indifference  is  shown,  since  on  diminishing 
the  period  the  sand  readily  shifted  so  as  to  bring  it  nearer  the  theoretical 
slope  for  the  new  period.  This  shows  that  the  state  of  equilibrium  follows 
the  simple  hydrokinetic  law  for  periods  greater  as  well  as  less  than  the 
critical  period,  which  is  thus  shown  to  be  critical  only  as  regards  rate  and 
manner  of  action  in  reducing  the  sand  from  the  initial  level  state  to  the 
final  condition. 

The  experiments  carefully  considered  suggest  that  there  is  some  relation 
between  the  rise  of  tide  and  critical  period.  They  do  not,  however,  cover 
suflBcient  range  to  indicate  what  this  relation  is  with  any  exactness.  The 
critical  period  diminishes  with  the  rise  of  tide,  but  much  faster  than  the 
simple  ratio. 

5.  Causes  of  the  Change  in  Manner  and  Rate  of  Action.  The  change  in 
the  action,  which  sets  in  at  the  critical  period,  is  the  result  of  some  action, 
of  which  no  account  is  taken  in  the  simple  hydrokinetic  law.  A  list  of  five 
such  sources  of  possible  divergence  from  the  hydrokinetic  law  is  included  in 
last  year's  report  (p.  396),  and  with  a  view  to  obtain  an  indication  of  some 
relation  between  the  rise  of  tide  and  period  (or  vertical  exaggeration,  as 
compared  with  the  standard  tide  of  30  feet,  by  the  kinetic  law),  which 
relation  would  be  a  criterion  of  the  limiting  conditions  under  which  the 
simple  kinetic  law  may  be  taken  as  approximately  accurate,  these  five 
discarded  actions  were  carefully  considered. 

The  fouling  of  the  sand  by  the  water,  although  it  comes  in  as  preventing 
further  action,  cannot  take  any  part  in  impovsing  these  limits,  since  it  is  at 
the  immediate  starting  of  the  experiments  that  the  action  is  observed  to 
fail.  For  the  same  reason  the  limits  cannot  be  in  any  way  due  to  the 
drainage  from  the  banks,  as  these  banks  have  not  appeared  above  water. 

Again  the  limit  cannot  be  due  to  the  size  of  the  grains  of  sand  because 
it  would  then  occur  at  particular  velocities,  whereas  this  is  not  the  case. 


OK  THic  AcrroN  or  w Arm  and  cprrints.  [It] 

The  ofchtir  itctiotisi  are  the  hotUmi  j^msUnice^  aad  the  vismnUy  of  ih^  iraler, 
fMoh  canf^eM  a  df^fijnte^  vhmtge  in  the  wtenml  ^mdimi  of  the  umt^  at  tki 
velocity  falls  beli/w  a  point  which  i^  invtfmety  projim^i&noi  ta  th^  tiifrnmrni 
of  tfrn  ckannd. 


That  this  last  sourer  of  divergeiiee  from  the  simple  kinetic  law 
make  itself  felt  at  some  stage  appeared  to  be   certain.     But    the  critieal 
velocity  at  which  the  motion  of  the  water  changes  from  the  ^shiuoit^*  or 
eddiftm}  to  the  direct  in  inversely  prtiportional    (ri    the    depth,  and    by  the 
kinetic  law  the  homologous  velticities  in  these  exj^nnients  ai^e  proportioiial 
to  the  square  roolB  of  the  depthss  *m!y  ;    hence  this  action   would  seem  to 
place  a  limit,  if  it  were  a  limit,  ttJ  the  least  tide  at  which  the  kinetic  law 
would  hold  independently  of  the  period,  and  this  is  not  the  case,     Obserra- 
tion  of  the  action  of  the  water  above  and  behnv  the  criheal  periods,  however, 
confirmed  the  view  that  the  hrnit  %vas   in   some    way  determined    by  tbia  , 
critical  condition  of  the  water.     For  when  water  is   running   in   an   upeo'j 
channel  above  the  critical  velocity,  the  eddies,  of  which  it  is    full,  creat©] 
distortions   in    the   evenness?   of   the  surface   which   distort   the    reflections,^ 
creating  what  m  called  swirl  in  the   appearance   of  the   surface.     Now  i| 
was  noticed  and  confirmed  by  careful  observation,  that  in  the  eases  wberij 
Bitnilarity  faikMl  the  swirl  was  abs^ent  at  the  commencement  of  the  experi- 
ment, while  it  waa  emly  ap|>arent,  particularly  ou  tht-  ebb^  in   the   other 
experimenta     8ubsef.|uently  it  ap]x*ared   that   the   velocity  of  the  waler,S 
jmrtieiil:irly  during  the  latter  part  i)f  the  ebb,  which  has  grt-^at  effect  in  the 
early  stages,  might  be  much  affected  by  the  bottom  resistances,  and  hence 
not  follow  exactly  the  kinetic  law. 

6.  Theoretical  Criterion  of  Similar  Action. — The  velocities  of  the  water 
running  uniformly  in  an  open  channel,  i  being  the  slope  of  the  surface  and 
m  the  hydraulic  mean  depth,  is  given  by 

V  =  A  '^iviy 
where  A  is  constant. 

If,  then,  i  is  proportional  to  e  (the  exaggeration  of  scale)  and  m  propor- 
tional to  hy  since  at  the  critical  velocity  v  is  inversely  proportional  to  A,  at 
this  velocity  h^e  has  a  constant  value. 

The  function  h^e  =  C  is  thus  a  criterion  of  the  conditions  under  which 
similarity  in  the  rate  and  manner  of  action  of  the  water  on  the  sand  ceases. 

7.  The  CHtical  Values  of  the  Criterion  for  Rectangular  Tanks. — Taking 
*  Reynolds  on  the  Two  Manners  of  Motion  of  Water,  Phil.  Tram.^  1883,  pt.  iii.  (gee  page  51). 
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to  represent  the  rise  of  tide  in  feet,  and  e  to  be  the  vertical  exaggeration 
5  compared  with  a  30- foot  natural  tide  by  the  simple  hydrokinetic  law, 
le  values  of  this  criterion  have  been  calculated  for  each  of  the  experiments 
ad  are  given  in  Table  I. 

Experiments  I.  and  II.,  B,  First  Report,  (7=0*046,  showed  marked  slug- 
ishness  and  local  action;  IV.,  B,  0  =  0058  and  VIII.,  B,  (7  =  0064  showed 
ss,  but  still  a  certain  amount  of  sluggishness  and  local  action*,  while  in 
[I.,  B,  C=0083,  the  rate  of  action  was  good  and  the  action  similar  to  the 
Kperiments  with  values  for  C  higher  than  0*087*,  whence  it  would  seem 
lat  the  critical  value  of  the  criterion  is  about  0087,  and  it  may  provisionally 
e  assumed  that  (7=0*09  indicated  the  limits  of  the  conditions  of  similar 
3tion*. 

8.  The  vahie  of  the  Criterion  for  Y-shaped  Estuaries. — This  critical 
alue  of  C  deduced  from  the  experiments  iu  rectangular  tanks  appears  to 
^rrespond  very  well  with  the  results  of  the  experiments  in  the  V-shaped 
stuaries.  In  the  experiments  Table  I.  with  V-shaped  estuaries  in  the 
nail  tank,  the  value  of  C  is  in  no  case  far  from  the  critical  value  '09  on 
ither  side.  In  Experiment  IX.,  B,  however,  the  value  of  C  at  starting 
as  only  0046  as  in  I.,  B,  and  in  consequence  of  the  observed  sluggishness 
nd  local  character  of  the  action  in  the  lower  estuary,  the  rise  of  tide  was 
icreased  from  0*088  to  01 1,  which  remedied  the  action  and  raised  the 
riterion  to  0*101,  and  in  Experiments  X.  and  XII.,  B,  and  in  I.,  D,  the 
alues  are  between  0095  and  0084.  In  Experiments  II.,  D,  F,  and  F', 
wing  to  the  falling  off  in  the  tide  in  consequence  of  the  addition  of  the 
iver,  the  criterion  is  as  low  as  0073.  In  these  experiments  signs  of  slug- 
ishness  and  local  action  in  the  lower  estuary  were  observed  at  starting, 
nd  the  difference  in  the  action  of  the  upper  estuary  as  compared  with 
'ank  E  in  respect  of  closing  up  the  tidal  river  may  have  been  due  to  the 
)w  value  of  the  criterion. 

In  the  experiments  in  the  large  tanks  the  values  of  C  are  all  well  above 
lie  critical  value:  the  nearest  are  the  experiments  in  Tank  E,  (7  =  0*17, 
rhich  is  only  double  the  critical  value,  and  the  action  was  as  quick  and 
eneral  as  in  the  case  where  (7  =  0*5. 

It  may  be  noticed  that  the  range  through  which  the  value  of  (7  as  a 
riterion  has  been  tested  is  small.  Had  the  form  of  criterion  been  appre- 
ended  sooner  this  might  have  been  somewhat  extended,  though  considerable 
laptation  of  the  apparatus  would  be  required  to  carry  it  far. 

*  In  both  these  experiments,  IV.  and  VIII.,  B,  the  mean  level  of  the  tide  was  above  the  initial 
yd  of  the  sand,  which  woald  natnraUy  increase  the  value  of  the  criterion. 


With  ft  tld«  0  1    rt  Ihe  grt«Bt«8t  ptsariod  k   ittipiu  and  le-a-sl  eti^g^nlias  'KL 
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From  which  the  size  uf  laDk»  and  length  of  periods  necessary  U>  verify  this 
law  fur  exaggerations  of  lei^s  than  thirty  can  be  94?en, 

10.  ITAe  Generat  JJii^tribntimt  of  Sand  in  V-shaped  £»tuarieB.—Tk 
experiments  a!l  show  that  with  sufficiently  high  values  of  the  criteTicio, 
as  in  the  rectangular  tanks  ^o  in  tho!*e  of  symmetrical  V -shape,  the  s&ini 
aiTives  at  a  definite  general  state  of  equilibrinni  after  a  deBnit^  number 
of  tides.  This  state  ia  the  rectangnlar  tanks  was  a  genitral  slope  whui 
corresponded  to  a  definite  curve,  twelve  miles  long  as  reduced  by  the  kinetic 
law  to  a  30*foot  tide,  between  the  contours  at  high  and  low  water  in  the 
generator  This  dope  was  furrowed  by  l\  or  4  shallow  channeb  at  dktancaa 
of  some  two  miles,  coniraencing  very  gmdually  at  the  top  and  dying  out  il 
some  distance  below  low  water.  In  the  V-shaped  estuaries  the  state  of 
et|uilibrium  differs  fn*m  that  in  the  rertaugular  tanks  in  a  very  systematic 
manner ;  it  consists  in  a  main  low*water  channel  commencing  at  the  &A 
and  extending  all  the  way  down  the  V  out  into  the  parallel  portion  of  Ik' 
tank*  If  this  channel  is  in  the  middle  it  is  the  only  channel,  but  if.  as  is 
as  often  as  not  the  ease,  it  takes  one  side  of  the  t^stuary,  then  at  the  lnwtt 
end  there  is  on  the  other  side  a  second  channel  starting  at  some  distance 
down  the  estuary.  The  height  of  the  banks  above  the  bottom  of  the 
main  low- water  channel  towards  the  lower  end  of  the  V  is  much  greater 
than  in  the  rectangular  estuaries.  No  general  method  of  comparing  the 
general  slope  or  distribution  of  the  sand  in  the  V-shaped  estuaries  has 
been  suggested  other  than  that  of  comparing  the  contoured  plans  and  the 
longitudinal  section  taken  down  the  highest  banks  and  lowest  channels, 
together  with  the  cross  sections  which  have  been  plotted  on  the  plans. 
These  are  very  similar  for  the  similar  tanks  and  corresponding  periods. 
They  show  that  the  slope  in  the  channels  down  to  low  water  is  nearly 
the  same  as  in  the  rectangular  tanks,  the  level  of  low  water  being  reached 
at  distances  from  the  head  of  the  estuary  a  little  greater  than  in  the  rect- 
angular tank,  and  a  little  greater  in  the  long  V  than  in  the  short.  Below 
low  water  the  slope  in  the  channels  is  less  than  in  the  rectangular  estuaries, 
which  is,  doubtless,  a  consequence  of  lateral  spreading.  The  slope  of  the 
banks  is  much  less  than  in  the  rectangular  tanks,  and  these  extend  from 
two  to  three  times  as  far  from  the  top  of  the  estuary,  according  to  the 
angle  of  the  V. 

The  range  of  observations  on  V-shaped  estuaries  has  necessarily  been 


58]  ON  THE   ACTION   OF   WAVES  AND  CURRENTS.  417 

limited,  and  time  has  not  suflBced  to  duly  consider  all  the  results  obtained, 
but  the  following  conclusions  may  be  drawn  : 

(1)  In  similar  shaped  V -estuaries  configurations  similar  according  to  the 
simple  hydrokinetic  law  are  obtained  irrespective  of  scale,  provided  the 
criterion  of  similarity  has  a  value  greater  than  its  critical  value.  (2)  That 
the  general  character  is  that  of  a  main  channel  and  high  banks.  (8)  That 
the  estuaries  are  longer  in  a  degree  depending  on  the  fineness  of  the  V  than 
rectangular  estuaries  with  corresponding  tides,  while  the  low-water  contour 
reaches  to  nearly  the  same  distance  from  the  top  of  the  estuary. 

11.  In  the  experiinents  vnth  a  long  {fifty  miles)  tidal  river  increasing 
in  width  downwards  slowly  until  it  discharges  into  the  top  of  the  ^ -shaped 
estuary  the  character  of  the  estuary  is  entirely  changed.  The  time  occupied 
by  the  tide  getting  up  the  river  and  returning  causes  this  water  to  run 
down  the  estuary  while  the  tide  is  low,  and  necessitates  a  certain  depth 
of  water  at  low  water,  which  causes  the  channel  to  be  much  deeper  at 
the  head  of  the  estuary.  In  its  effect  on  the  lower  estuary  the  experiments 
with  the  tidal  river  are  decisive,  but  as  regards  the  action  of  silting  up  the 
river  further  investigation  is  required,  both  to  establish  the  similarity  in 
the  models  and  to  ascertain  the  ultimate  state  of  equilibrium. 

It  may,  however,  be  noticed  that  the  general  conditions  of  the  experiments 
in  Tank  E  do  not  differ  greatly  from  the  conditions  of  some  actual  estuary, 
as,  for  instance,  the  Seine.  This  estuary  is  some  thirty  miles  long  before  it 
contracts  to  a  tidal  river  which  extends  fifty  miles  further  up.  In  the 
model  the  tidal  river  reduced  to  a  30-foot  tide  is  forty-nine  miles  long  and 
the  V  extends  down  twenty-eight  miles  further,  while  the  results  in  the 
model  show  about  the  same  depth  of  water  in  the  channel  down  the  estuary 
as  existed  in  the  Seine  before  the  training  walls  were  put  in. 

12.  The  Effects  of  Land  Water. — These  come  out  clearly  in  the  experi- 
ments, which  show  that  the  stream  of  land  water  running  down  the  sand, 
although  always  carrying  sand  down,  does  not  tend  to  deepen  its  channel, 
since  at  every  point  it  brings  as  much  sand  as  it  carries  away.  If  it  comes 
into  the  estuary  pure,  it  carries  sand  from  the  point  of  its  introduction  and 
deposits  it  when  it  gets  to  deep  water,  somewhat  deepening  the  estuary  at 
the  top  and  raising  it  below,  which  effect  is  limited  by  the  influence  the 
diminished  slope  has  to  cause  the  flood  to  bring  up  more  sand  than  the  ebb 
carries  down.  The  principal  effect  of  the  land  water  is  that  rimning  in  narrow 
channels  at  low  water,  which  are  continually  cutting  on  their  concave  sides, 
it  keeps  cutting  down  the  banks,  preventing  the  occurrence  of  hard  high 
banks  and  fixed  channels.  When  the  quantities  of  land  water  are  small  as 
compared  with  the  tidal  capacity  of  the  tank,  its  direct  action  on  the  rigirne 
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of  the  estuary  is  small  But  that  it  may  have  an  indirect  axrtioa  of  great 
iinport^ace  in  conuection  with  a  tidal  river  is  clearly  shuwn.  Id  the  upper 
aad  contracted  end  of  a  tidal  river  the  land  water  may  wi^ll  be  swfficieottj 
keep  it  open  to  the  tide,  whereas  otherwise  it  woiikl  silt  up.  This  was 
clearly  the  effect  in  the  experiments  E,  1  and  2,  and  by  keeping  the  nanot 
river  open  the  full  tidal  effect  of  this  was  secured  on  the  sand  at  the  U>p 
of  the  estuary,  causing  a  great  increase  of  depth.  The  effects  of  Urge 
quantities  of  land  water,  such  as  occur  in  floods,  have  not  yet  bee»  iu?esti' 
gated. 

13.  Deposit  of  the  Land  Water  in  t^w  Tidal  Rimt\--Otm  incident  c*.ii- 
necbed  with  the  land  water  in  the  tidal  river  is  worth  reconling.  althoiigl) 
not  directly  connected  with  the  purpose  of  the  investigation* 

The  land  water,  one  quart  a  minute,  was  brought  from  the  townV  msm 
in  lead  pipes.  It  is  very  soft,  bright  water,  and  was  introduced  at  the  top  of 
the  estuary.  This  went  ou  for  about  three  weeks.  At  the  comtneijcemeiit 
the  sand  was  all  pure  white,  and  remained  so  throughout  the  experimeot 
except  in  the  tidal  river.  At  the  tt>p  of  the  river  a  dark  deposit,  whicb 
washojj  backwards  and  forv^^anls  with  the  tide,  began  to  show  itself  after 
commencing  the  experiment,  gradually  increasing  in  quantity  and  extetiding 
in  distance.  At  the  end  of  the  experiment  the  sand  was  quite  inviiriWe 
from  a  black  deposit  at  the  hem!  of  the  river  and  for  5  or  6  feet  down;  thk 
then,  gradually  shaded  off  to  a  distance  of  12  feet.  Nor  was  it  only  i 
deposit,  for  the  water  was  turbid  at  the  top  of  the  river  and  graduallj 
purified  downwards. 

On  the  other  hand,  in  the  precisely  similar  experiment,  without  land 
water  the  sand  remained  white  and  the  water  clear  right  up  to  the  top  of 
the  river.  This  seems  to  suggest  that  these  experiments  might  be  useful 
to  those  interested  in  river  pollution. 

14.  The  International  Congress  on  Inland  Navigation. — During  the 
Fourth  International  Congress  on  Inland  Navigation,  held  in  Manchester 
at  the  end  of  July,  the  members  were  invited  to  see  the  experiments  then 
in  progress,  the  subject  being  one  which  was  occupying  the  attention  of  the 
Congress.  Advantage  of  the  invitation  was  taken  by  many  engineers,  and 
especially  by  the  French  engineers.  M.  Mengin,  engineer  in  chief  for  the 
Seine,  stated  in  a  paper*  read  at  the  Congress  that  in  consequence  of  the 
paper  (read  by  the  author  before  Section  G  at  Manchester)  the  engineers 
interested  had  advised  the  Government  to  stop  the  improvement  works  on 
the  Seine  until  a  model  having  a  horizontal  scale  of  1  in  3000  was  con- 
structed, and  the  effect  of  the  various  improvements  proposed  investigated 

*  IntematioDal  Congress  on  Inland  Navigation,  1S90. 
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a  the  model,  the  model  being  then  nearly  ready,  but  the  experiments  had 
ot  commenced.  M.  Mengin  paid  several  visits  to  the  laboratory  and  carefully 
xamined  the  apparatus  and  experiments,  for  which  all  facilities  were  placed 
t  his  disposal. 

16.  Recommendations  for  fmiher  Experiments,— AXiYiowgh  the  immediate 
bjects  proposed  for  investigation  this  year  have  been  fairly  accomplished, 
here  remain  several  general  points  on  which  further  information  is  very 
nportant,  besides  the  further  verification  of  the  criterion  of  similarity  and 
he  determination  of  the  final  conditions  of  equilibrium  with  tidal  rivers, 
Iready  mentioned.  It  seems  very  desirable  to  determine  the  effect  of  tides 
a  the  generators  diverging  from  the  simple  harmonic  tides  so  far  used, 
imple  harmonic  tides  being  the  exception  at  the  mouths  of  actual  estuaries, 
t  would  also  be  desirable  before  concluding  these  experiments  that  they 
hould  include  the  comparative  effects  of  tides  varying  from  spring  to  neap. 


§  III. — Modifications  of  the  Apparatus. 

16.  General  Working  of  the  Apparatus, — The  apparatus  has  worked 
erfectly  in  all  respects  except  that  of  the  driving  cord  connecting  the 
'ater  motor  with  the  gearing.  For  this  cord  hemp  was  first  used,  as  it 
^as  liable  to  be  wet.  This  hemp  cord  wore  out  with  inconvenient  rapidity. 
L  continuous  cord  made  of  soft  indiarubber  was  then  tried,  and,  after  several 
ttempts,  has  been  made  to  answer  well.  The  only  other  failure  was  the 
aaall  pinion,  which  was  fairly  worn  out,  and  had  to  be  replaced. 

17.  Extensions. — For  carrying  out  the  experiments  on  the  V-shaped 
stuaries  the  original  tanks  had  to  be  increased  in  length.  To  do  this  it 
'as  necessary  to  remove  temporarily  part  of  the  glass  partition  dividing 
he  engine  room  of  the  laboratory,  in  which  the  tanks  are  placed,  from  the 
ssting  room.  This  being  done,  the  tanks  were  then  extended,  as  shown 
Fig.  1,  page  439),  the  first  extension  being  an  addition  of  a  trough  6  feet 
mg  and  2  feet  wide  to  Tank  A,  and  a  similar  extension  of  half  the  size  to 
'ank  B,  the  new  tanks  being  thence  called  C  and  D. 

18.  Extensions  for  Tidal  Rivers. — The  second  extension  consisted  of  a 
rough  19  feet  long  and  a  foot  wide  to  the  end  of  C,  the  new  tank  being 
lence  called  E  The  corresponding  extension  to  D  was  not  at  first  made 
I  the  same  way,  because  to  do  so  would  require  the  removal  not  only  of  a 
anel  of  the  glass  partition,  but  also  of  a  fixed  bench,  which  was  a  much 
lore  serious  matter,  or  else  the  extension  would  have  closed  up  an  important 
assage.     The  extension  was  therefore  made,  as  shown  in  Figs.  46  and  47, 
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page  479,  which  adtiiittetl  of  th«  tidal  river  being  the  cuiTesponding  lesgib 
to  that  ill  E,  but  required  a  Wnd  c^f  ISO"",  which  was  effected  by  two  shiif 
corQern.  l^hJs  tank  waw  thi*nc^  called  F'.  This  was  tha  best  that  could  be 
doue  during  the  time  tho  s^tudetitj^  were  iu  the  labomtiiry.  It  was  not  oeitihi 
that  the  corners  would  produce  any  sensible  effect,  whereas  if  the  v&s^^ 
obtained  in  F'  were  not  miinlar  to  thoae  in  E  no  time  would  have  been  hA, 
since  the  straight  ^xten^iun  cotild  not  be  made  till  the  end  of  JuDe,  is 
the  results*  in  F'  wer<i'  not  te»itnilar  to  those  in  E  in  a  way  which  migtt 
he  explained  by  the  bends,  as  soon  as  possible  the  straight  extension  w^ 
made  i^iniilar  to  E,  and  the  tank  called  R 

All  these  tanks  were  constmcted  in  the  eaine  manner  as  the  origiual 
tanks,  and  covered  with  glas^  at  tha  same  level  as  A  and  B,  under  wbtefa 
glass  survey  lines,  conforming  to  those  on  A  and  B,  were  set  out* 

19,  The  Numbering  of  the  Cross  Sei^im. — ^The  ejctension  of  the  tBith 
raised  the  question  ob  to  how  the  new  crogs  stetions  should  be  numberol: 
the  numbering  of  A  and  B  ran  from  the  endfi  of  the  tanks,  ami  it  eeemutl 
he45t  to  run  tha  numbers  in  C  and  D  from  the  ends  of  these  tanks,  eoii* 
tinuing  this  new  numbering  to  the  generators.  On  the  other  hand,  as  the 
long,  narrow  extensions  in  E  and  F  were  moi-e  in  the  nature  of  a  tidal  rivt-r 
than  an  estuary,  the  numbers  in  these  were  carried  hackwanis  1,  i'<^, 
from  the  ends  of  C  and  1),  in  which  the  cross  sections  preserved  the  sam* 
numbers  as  before, 

20.  Appliances  for  Land  Water. — The  introduction  of  land  water,  besides 
the  extension  of  the  pipes  for  its  introduction,  required  certain  arrangements 
for  its  regular  supply  in  definite  quantities.  The  water  was  to  be  taken  from 
the  town's  mains.  And  in  first  laying  down  the  pipes,  it  had  been  anticipated 
that  it  would  be  sufficient  to  regulate  the  supply  by  cocks  against  the  pressure 
in  the  mains.  Fresh  water,  regulated  in  this  way,  had  been  from  the  first 
supplied  in  small  quantities  into  the  generators,  to  ensure  the  level  being 
kept  properly.  The  experience  thus  gained  showed  that  it  was  impossible 
to  obtain  even  approximate  regularity  in  this  way,  as  the  nearly  closed  cocb 
always  got  choked  even  within  twenty-four  hours. 

To  meet  this  it  was  arranged  to  supply  the  water  through  thin-lipped 
circular  orifices  under  a  small  but  constant  head  of  water,  which  head  can 
be  regulated  to  the  quantity  required.  The  head  of  water  in  the  tank  from 
which  the  orifices  discharge  is  regulated  by  a  ball  cock,  which  only  differe 
from  an  ordinary  ball  cock  in  that  the  ball  is  not  fastened  directly  on  to 
the  arm  of  the  cock,  but  is  suspended  from  it  by  a  rod  so  arranged  that 
the  distance  of  the  ball  below  the  arm  can  be  adjusted  at  pleasure.  This 
arrangement  has  answered  well.     The  cylinder  in  which  the  ball  cock  worb 
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(  made  of  sheet  copper,  with  a  water  gauge  in  the  form  of  a  vertical  glass 
iibe,  with  a  scale  behind  to  show  the  height  of  water  above  the  orifices, 
rhicb  are  made  in  the  bottoms  of  two  lateral  projections  from  the  sides  of 
he  cylinder.  One  of  these  orifices  feeds  the  large,  and  the  other  the  small 
Mik.  The  streams  from  the  orifices  descend  freely  in  the  air  for  about 
inches,  and  are  then  caught  in  funnels  on  the  tops  of  lead  pipes  leading 
o  the  respective  tanks.  The  cylinder  is  fixed  against  a  wall  about  8  feet 
bove  the  floor,  and  conveniently  near  the  tanks.  Any  obstruction  in  the 
lipes  conveying  the  water  to  the  tanks  would  be  at  once  shown  by  the 
verflow  of  the  funnel.  The  orifices  are  made  with  areas  in  proportion  to 
he  quantities  to  be  supplied  to  their  respective  tanks.  Then  the  supply 
ock  connecting  the  ball  cock  with  the  main  is  fully  opened,  and  the  ball  is 
djusted  till  the  quantity  supplied  to  one  of  the  tanks  is  correct.  The  other 
s  then  measured ;  if  this  is  not  found  correct,  one  of  the  holes  is  slightly 
inlai^ed  until  the  proportions  are  correct. 

This  having  once  been  done  for  an  experiment,  no  further  regulation  is 
equired  except  to  test  the  quantities  and  wipe  the  edges  of  the  orifice. 
Vhen  the  tanks  are  stopped  for  surveying,  the  water  is  shut  ofiF  from  the 
nain  and  simply  turned  on  again  on  restarting. 

21.  The  Tide  Gauges, — In  the  experiments  made  last  year  a  tide  gauge 
VBS  used.  This  gauge  consisted  of  a  small  tin  saucer  with  a  central  depression 
n  its  bottom,  in  which  a  vertical  wire  rested,  restraining  any  lateral  motion 
n  the  float,  the  wire  being  guided  vertically  by  a  frame  made  to  stand  on 
he  level  surface  of  the  class  covers,  while  the  wire  passed  down  between 
wo  of  the  covers  opened  for  the  purpose,  the  frame  carrying  a  vertical 
cale.  This  gauge  was  used,  both  to  adjust  the  levels  of  the  water  and  to 
>btain  tide  curves,  by  observing  the  heights  of  the  tide  at  definite  times,  and 
hen  plotting  the  curves  with  the  heights  of  the  tide  as  ordinates  and  the 
imes  as  abscissae. 

For  the  earlier  experiments  this  year  the  same  gauge  was  used  for  both 
lurposes,  and  it  has  been  used  all  through  for  the  purpose  of  adjusting  the 
evels  of  the  water,  automatic  airangements  being  used  for  drawing  the  tide 
urves. 

In  devising  these  automatic  arrangements  several  difficulties  presented 
hemselves,  besides  those  inherent  in  all  chronographic  apparatus.  Anything 
n  the  nature  of  standing  apparatus  was  inadmissible,  as  it  would  interfere 
nth  the  working  and  adjusting  of  the  tanks.  The  apparatus  must  be  such 
js  could  be  put  up  and  taken  down  with  facility,  and  hence  could  not  admit 
f  complicated  arrangements.  A  pencil  worked  direct  by  a  float  with  a 
[mm  turning  about  a  vertical  axis  by  a  clock,  all  to  stand  on  the  level 
lass  sur&ce,  appeared  the  most  desirable  arrangement.     In  the  first  instance, 
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a  clock  driving  a  detached  vertical  cylinder  with  a  ami  was  kindly  lent  by 
Dr  Stirling  from  the  Physiological  Ijaboratory  of  Owens  College,  aed  id 
armngement  of  Hoat  and  stand  was  const  meted  by  Mr  Bam  ford.  The  loan  of 
this  clock  was  temporary,  and  experience  gained  with  it  led  to  the  purchast 
of  an  ordinary  Moi-ae  clock  from  Latimer,  Clark,  &  Co.  at  comparatively 
small  cost.  A  pulley  waa  fitted  so  that  the  clock  would  drive  the  borrow«d 
cylinder.  This  clock  did  its  work  quite  as  well  as  the  more  costly  instrunieBl  ■ 
Its  rate  of  action  varied  considerably  with  the  resistance  of  the  appamtiui 
to  be  driven,  so  much  so  that  the  cur^^os  taken  at  diflferoQt  times  from  ih 
same  experiment  could  not  be  compared  by  miperposition*  Still  the  action  1 
of  the  clock  during  the  individual  observatioua  was  sufficiently  regular  U) 
give  a  fairly  true  tide  cune,  and  it  became  obvious  that  it  would  be 
impossible  to  obtain  any  independrut  clock-driven  apparatus  that  would 
^ve  absolutely  constant  speeds  such  as  would  admit  of  the  compariaon  of 
the  curves  taken  from  diffei-ent  parts  of  the  estuary  by  direct  aupeTposttHH). 
To  obtain  such  comparison  it  would  be  necessaiy  to  move  the  paper  by  the 
gearing  which  moved  the  geGerat<jr. 
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22,  Gmnpmmd  Harmonic  Tide  C«ri/6», — On  considering  how  best  this 
might  be  done,  it  appeared  that  if  the  paper  had  a  horizontal  motion 
corresponding  to  the  rise  anrl  fall  of  the  generator  while  the  pencil  had  i 
verti(^l  motion  corresponding  tu  the  rise  and  fall  of  the  tide  at  any  poinl 
in  the  tank,  theUi  if  the  tide  were  in  the  same  phase  as  the  genemtor,  the  I 
curve  would  be  a  stmight  line  or  an  ellipse  of  infinite  ecceiitricity,  witli  ^ 
a  slope  (tan  0)  equal  to  the  rise  of  tide  divided  by  the  horizontal  motion 
imparted  to  the  paper,  while  any  deviation  of  phase  would  be  shown  by 
the  character  of  the  ellipse  or  closed  curve  described  by  the  pencil,  and 
that  to  obtain  the  tivie-tidal  curve  from  such  curves  would  be  easy  by 
projecting  on  to  a  circle,  while  for  the  purpose  of  comparison,  and  bringing 
out  any  diflference  of  phase  or  deviation  from  the  harmonic  curves,  such 
compound  harmonic  curves  would  be  much  more  definite  than  the  harmonic 
curves.  This  plan  was  therefore  adopted  with  the  happiest  results,  for, 
although  it  may  take  some  study  to  become  familiar  with  the  curves,  the 
obvious  dififerences  in  these  curves  taken  at  dififerent  parts  of  the  tanks, 
and  at  the  same  part  at  different  stages  of  the  progress  towards  a  state 
of  equilibrium  are  clearly  brought  out.  The  method  also  shows  the  similarity 
of  the  curves  taken  in  the  two  tanks,  or  in  dififerent  experiments  at  the 
corresponding  places  and  corresponding  numbers  of  tides  run,  as  well  as  in 
the  final  states  of  equilibrium.  The  tide  curves  (Fig.  48,  page  481)  bring 
out  emphatically  the  inter-dependence  of  the  character  of  the  tide  on  the 
aiTangement  of  the  sand,  and  the  coincidence  of  a  state  of  equilibrium  of 
the  sand  with  a  particular  tide  curve  at  each  part  of  the  estuary. 

In  these  experiments  the  balance  of  the  tanks  has  been  adjusted  so  as 
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to  make  the  time  intervals  of  rise  and  fall  of  the  generator  equal,  i.e.  to 
make  the  motion  of  the  generator  harmonic,  so  that  these  compound  har- 
monic curves  are  at  all  parts  of  the  tank  comparable  with  a  simple  harmonic 
motion.  But  it  is  important  to  notice  that  they  are  not  essentially  so,  being 
merely  comparable  with  the  motion  of  the  generator,  so  that  if  the  generator 
were  given  a  compound  harmonic  motion,  such  as  that  of  the  tide  in  the 
mouths  of  most  estuaries,  these  curves  would  have  a  different  dynamic 
significance.  These  curves  would  still  be  valuable  as  showing  the  state  of 
progress  and  final  similarity  of  the  tidal  motion  at  the  same  parts  of  the 
estuaries,  but  to  bring  out  their  djmamical  significance  it  would  be  necessary 
to  substitute  a  simple  harmonic  motion  with  the  same  period  as  that  of  the 
generator. 


§  IV. — Description  of  the  Experiments  on  the  Movement  of  Sand 
IN  A  Tideway  from  September  9,  1889,  to  Sefpember  1,  1890*. 

23.  Continuation  of  Experiments  VII,,  Tank  A,  and  III,,  B,  (see  Figs. 
4,  5,  6,  pages  44?1,...)  September  7  to  October  11. — These  experiments  were 
in  progress  at  the  time  of  the  Newcastle  Meeting  of  the  British  Association, 
and  had  so  far  advanced  that  tracings  of  the  first  surveys  were  exhibited 
and  included  in  the  First  Report.  So  far  as  they  went,  they  took  an 
important  place  in  the  conclusions  arrived  at  in  that  report,  showing  that 
with  a  vertical  exaggeration  of  100,  the  results  obtained  in  the  small  tank 
(B)  with  rectangular  estuaries,  without  land  water,  as  to  rate  and  general 
distribution  of  the  sand,  were  closely  similar  to  those  obtained  in  A,  and 
that  the  mean  slopes,  reduced  to  a  30-foot  tide,  in  these  experiments  agreed 
with  those  obtained  in  A,  with  vertical  exaggerations  of  64.  It  was  desirable 
to  continue  these  experiments  to  see  how  far  a  state  of  equilibrium  had  been 
arrived  at.  This  was  accomplished  by  the  assistance  of  Mr  Foster,  who 
kindly  looked  after  the  running  of  the  tanks  till  the  return  of  the  author 
and  Mr  Bamford  in  October,  and  thus  enabled  a  month,  which  would  other- 
wise have  been  wasted,  to  be  utilised,  in  obtaining  an  experience  of  the 
effect  of  about  100,000  tides  after  apparent  equilibrium  had  been  obtained 
in  each  tank.  Daily  records  of  the  counters  were  taken,  and,  although  there 
were  several  stops,  the  intervals  of  running  gave  the  periods  very  constant. 

The  plans  show  but  little  alteration,  except  that  the  sand,  particularly 
in  B,  had  shifted  upwards  and  accumulated  somewhat  at  the  head  of  the 
estuary,  leaving  the  slope  the  same;  a  circumstance  which  would  be  ac- 
counted for  by  a  difierence  in  the  level  of  the  water,  and   which   is  also 

*  In  the  published  report  of  these  experiments  it  is  not  thought  desirable  to  give  the  daily 
records  of  progress  in  the  notebook. 
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indicated  by  the  mean  slope  reduced  to  a  SO*ftH>t  tide  shown  in  Figures  2  and 
3»  page  440.  The  agreement  of  the  i^lopei*  here  ^hown  as  compared  wirii 
the  mean  ylopt*  in  the  case  of  Experiment  V,,  A,  which  has  been  iDtrodaGsl 
in  this  diagram  for  the  fiake  of  comparison,  m  quite  m  great  as  coqM  be 
expected,  considering  the  difficulties  of  the  experiments,  and  aflTonltt  vmj 
vahiable  evidence  of  the  pennaneace  of  these  glopeii  whon  once  a  cotiditiiB 
of  equilibrium  has  been  attained* 

In  respect  of  the  ripple  the  two  tanka  presontijd  a  very  diftereut  appear* 
ance.  which  is  clearly  shown  in  the  plana  and  sections.  While  the  ripple  in 
A  \yt%»  cotnparatively  small  and  shallow,  in  B  it  was  larger  and  deeper  than 
anything  previouslj  noticed ;  that  this  was  a  symptom  of  the  condition  of 
B  being  on  the  VQrge  of  dissimilarity  seemed  probiibh*,  and  to  test  this  tbe 
period  of  B  was  increased  from  23  85  to  26*5  seconds^  and  it  was  allowed  to 
run  on  16,000  more  tiden  and  again  surveyed*  Plan  l\,  I»*ige  4*43,  shows  the 
result;  the  ripple  \im  increased  in  breadth  thotigh  nither  diminished  in 
depth. 

24.  EwperimmU  to  fimi  the  Limiia  to  Similarity.  Bxp^nment  /K,  S. 
Fig.  7,  page  444,  October  22  to  Nmember  27.— In  this  the  rise  of  tide  was 
0094  foot,  and  the  vertical  exaggeration  as  compared  with  a  30-foot  tide  71. 
In  Exjwriments  L  and  II.,  B,  with  a  rise  of  tide  0088  and  a  vertical  exag- 
geration 68,  described  in  the  First  Report,  it  had  been  found  that  the  ral^e 
and  manner  of  distribution  of  the  sand  did  not  correspond  with  that  in  the 
corresponding  experiment  in  the  larger  tank,  indicating  that  with  an  exag- 
geration 68  the  tide  of  '088  was  somewhat  below  the  limit  of  similarity. 
The  determination  of  these  limits  being  a  primary  object  of  the  investigation, 
it  appeared  desirable  to  repeat  these  experiments  with  a  slightly  higher  tide. 
In  IV.,  B,  the  character  of  the  action  presented  the  same  peculiarities  as 
previously  observed,  but  in  a  smaller  degree,  and  the  final  state,  as  shown 
in  the  plans  and  in  the  curve  of  slopes  (Figs.  2  and  3),  is  a  much  nearer 
approach  to  the  general  law,  the  conclusion  being  that  in  IV.,  B,  the  con- 
ditions were  still  below  the  limit,  but  nearer  than  in  I.  and  II.,  B. 

Experiment  VIII.,  A,  October  22  to  November  14. — This  was  an  experiment 
to  determine  the  manner  of  action  with  the  same  horizontal  scale  as  the  first 
part  of  Experiment  V,,  A,  but  half  the  rise  of  tide.  Experiments  I.  and  II, 
B,  with  a  rise  of  tide  of  088  foot  and  a  period  of  36  seconds,  being  a  vertical 
exaggeration  of  68,  had  indicated  that  with  this  rise  of  tide  a  change  in  the 
manner  of  action  had  already  set  in,  but  it  was  none  the  less  desirable  to  see 
what  would  be  the  character  of  the  action  and  the  final  state  of  equilibrium 
well  below  this  limit. 

The  rise  of  tide  in  VIII.,  A,  was  0088  foot  and  the  mean  level  0-138  foot 
from  the  bottom,  and  the  period  70  seconds,  the  sand  being  placed  level  at  a 
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uniform  depth  of  1^  inch  to  Section  18  as  in  the  previous  experimenta    The 
vertical  exaggeration  would  thus  be  only  34. 

The  manner  of  action  of  the  water  on  the  sand  was  in  this  case  essentially 
different  from  that  in  any  previous  experiments  even  in  I.  and  II.,  B,  although 
it  presented  characteristics  which  had  been  indicated  in  those  experiments. 
Instead  of  the  sand  being  in  the  first  instance  rippled  over  the  whole  surface 
a  middle  depression  was  formed,  extending  some  way  up  the  estuary,  the 
bottom  and  sides  of  which  were  rippled ;  the  rest  of  the  sand  soon  became 
set  and  yellow.  After  16,000  tides  a  survey  was  made  and  the  experiment 
continued  to  24,000,  when  another  partial  survey  was  made,  showing  very 
small  alterations,  and  those  nearly  confined  to  the  rippled  channels.  It  was, 
in  feet,  clear  that  the  apparent  equilibrium  was  owing  to  the  sand  having 
become  set,  and  that  to  proceed  till  real  equilibrium  was  established  would 
take  an  almost  indefinite  time. 

As  the  setting  of  the  sand,  owing  to  the  slow  action  of  the  water, 
appeared  to  play  such  an  obstructive  part,  it  seemed  possible  that  better 
results  could  be  obtained  if  the  sand  could  be  kept  alive  with  waves. 
Accordingly  the  experiment  was  stopped,  to  be  repeated  with  waves. 

Experiment  IX.,  Tank  A,  Plans  1,  2,  3,  Figs,  8,  9.  10  {with  Intermittent 
Waves),  November  \Q  to  Janiinry  4. — The  conditions  were  the  same  as  in 
Experiment  VIII.,  with  the  addition  of  the  waves. 

This  experiment  presented  the  same  characteristics  as  those  observed 
in  VIII.,  A.  The  rate  of  action  did  not  fall  off  so  rapidly  or  completely 
as  in  VIIL,  but  was  mainly  confined  to  the  channels;  and,  although  the 
experiment  was  continued  to  57,000  tides,  the  condition  of  equilibrium  was 
far  from  being  arrived  at,  owing  to  the  setting  of  the  sand.  After  the  last 
survey  a  small  stream  of  land  water  (one  pint  per  minute)  was  admitted  at 
the  top  of  the  estuary,  without  any  perceivable  effect  for  1000  tides,  where- 
upon the  experiment  was  stopped. 

Experiment  F.,  B,  Plan  1,  Fig,  \\,p.  448,  November  2\  to  December  2. — 
This  was  the  corresponding  experiment  in  B  to  Experiment  VIII.  in  A, 
the  rise  of  tide  being  one-half  inch  (042  foot),  and  the  period  50  seconds, 
exaggeration  32.  The  characteristics  were  yet  more  definitely  marked, 
rippling  being  entirely  absent,  and  the  action  being  entirely  confined  to 
the  space  between  Sections  14  and  18. 

Experiment  VI.,  B,  December  o  to  December  9. — In  this  experiment  the 
conditions  were  exactly  the  same  as  in  Experiment  V.,  B,  except  that  the 
sand,  instead  of  being  laid  level,  was  laid  with  a  slope  of  1  in  124,  the  slope 
corresponding  to  the  theoretical  condition  of  equilibrium  as  in  the  previous 
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experiment     After  6757  tides  with  a  inean  period  of  60  I  seconds  tfaesaiul 

waa  not  moved  anywhere  in  the  slightest  degrt^e* 

E^petimmt  VI L,  B,  PlanH  1  und  2,  Figa,  12  ami  13.  DecenJber  9  to 
January  S. — This  was  a  continuatiou  of  Experitiietit  VI.,  with  the  tidal 
period  diminished  in  the  ratio  1  to  sit  from  50  tu  35^35.  ' 

The  effect  of  changing  the  period  would  be  to  increas©  the  vartica) 
eitaggemtion,  so  that  the  slope  of  1  in  124  would  not  be  the  theoretiail 
mean  slope  of  equilibrium  iia  previously  determined,  which  would  be  1  in 
87,  so  that  any  sensitiveness  to  the  condition  of  equilibrium  would  be  shown 
by  the  shifting  up  of  the  sand.  ^ 

This  commenced  at  once  and  continued  until  the  mean  slope  was  about 
1  ill  100  above  Section  13. 

The  absolute  quiescence  of  the  sand  in  Experiment  VI,,  B*  when  Iai4 
with  the  mean  slope  of  equilibrium  corresponding  to  the  period,  togeth^ 
with  the  increase  of  the  slope  with  the  increase  of  period  in  Experiment 
VI L,  B,  indicates  that,  although,  as  shown  in  Experiment  V.*  the  limiting 
conditions  under  which  the  water  could  redistribute  the  sand  from  the  le\d 
condition  had  been  long  passed,  the  conditions  of  e<|uilibrium  remained  the 
game ;  or,  in  other  worda*  that  for  a  half-inch  tide,  with  a  period  of  50  seconds 
— Le.,  an  exaggeration  of  J?2 — with  the  sand  originally  distributed  according  ^ 
to  the  theoretic-at  slope  of  equilibrium,  the  sand  will  be  in  equilibrium,  whild  ■ 
if  the  sand  bo  laid  with  a  smaller  slope  the  water  will  shift  it,  tending  t^ 
institute  the  slope  of  equilibrium. 

25.  Rectangular  Estuaries  mith  Land  Water,  ExpeHments  X,,  A,  and 
YIII.,  By  Figs,  14, 15, 16,  and  17,  January  7  io  March  10. — The  conditions  in 
Tank  A  were  the  same  as  in  Experiment  V.,  Plan  1.  The  sand  lay  025  foot 
deep,  height  of  mean  tide  0*256,  rise  01 76,  tidal  period  50*2  seconds.  A  tin 
saucer  was  placed  on  the  sand  under  Section  1  in  the  middle  of  the  estuary, 
and  a  stream  of  water  (one  quart  per  minute,  about  1/170  of  the  tidal 
capacity  of  the  estuary  per  tide)  run  into  the  pan. 

During  the  early  distribution  of  the  sand  the  land  water  produced  no 
apparent  effect,  but  as  the  sand  approached  a  condition  of  equilibrium,  the 
effect  of  the  fresh  water  in  keeping  a  channel  full  of  water  at  low  tide,  from 
the  source  all  down  the  estuary,  was  very  marked.  The  effect  of  this  river 
in  distributing  the  sand  at  the  top  of  the  estuary  was  also  marked.  The 
channel  did  not  remain  in  one  place ;  it  gradually  shifted  from  the  middle 
towards  one  or  other  of  the  sides,  cutting  away  high  sandbanks  until  it 
followed  along  the  end  of  the  tank  into  the  corner,  and  then  flowed  back 
diagonally  into  the  middle.  Then,  after  some  10,000  tides,  a  fresh  channel 
would  open  out  suddenly  towards  the  middle   of  the   estuary,  and   then 
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proceed  in  the  same  gradual  manner  perhaps  to  the  other  side.  This 
happened  more  than  once  during  the  progress  of  the  experiment,  which 
was  carried  to  85,000  tides.  The  different  positions  of  the  channels  are 
apparent  in  the  plans  1,  2,  and  3  (Figs.  14  to  19).  The  comparison  of  these 
plans,  and  the  accompanying  sections  with  Plan  1,  Experiment  V.,  in  the  last 
report  (Fig.  3,  p.  403),  shows  but  slight  general  effect  of  the  land  water — so 
slight,  indeed,  that  it  might  pass  almost  unnoticed.  This  shows  that  the 
land  water  does  not  alter  the  greatest  height  of  the  banks  or  the  lowest 
depth  of  the  channels. 

It  will  be  noticed,  however,  in  the  plans,  that  the  land  water  has  lowered 
the  general  level  of  the  sand  in  the  middle  of  the  estuary  at  the  top,  and 
raised  it  towards  low  water.  This  effect  comes  out  in  the  mean  reduced 
slopes  shown  in  Figs.  2  and  3,  p.  440.  From  these  it  appears  that  the  effect 
of  the  land  water,  by  continually  ploughing  up  the  banks  at  the  top  of  the 
estuary,  has  been  to  disturb  the  previous  state  of  equilibrium,  lowering  the 
sand  near  the  top,  and  raising  it  further  down  the  estuary. 

In  Experiment  VIII.,  B,  the  conditions  at  starting  were  the  same  as 
those  in  IV.,  B,  and  one  quart  of  land  water  in  2*8  minutes  was  admitted 
in  the  same  manner  as  in  X.,  A,  the  period  being  354  seconds.  The  quantity 
of  land  water  per  tide  was  one-fourth  the  quantity  in  A,  while  the  capacities 
of  the  estuaries  are  as  1  to  8,  or  the  percentage  of  land  water  in  B  was 
1'8  that  of  the  tidal  capacity  at  starting.  After  running  GOO  tides  the  rise 
of  tide  was  increased  from  0*094  to  0  097  foot  without  any  alteration  in  the 
period.     The  experiment  was  then  continued  to  91,184  tides  (Fig.  19). 

The  apparent  effects  of  the  land  water  observed  were  exactly  the  same 
in  character  as  in  A,  but  were  decidedly  greater  on  account  of  the  larger 
quantity.     The  curves  agree  fairly  with  those  in  A. 

26.  Experiments  in  short  Y-shaped  Estuaries  with  and  without  Land 
Water, — In  the  tanks  A  and  B  inner  vertical  partitions  were  introduced  so 
as  to  form  the  upper  end  of  the  tank  A  into  a  symmetrical  V,  of  length 
6  feet  and  greatest  breadth  4  feet ;  while  that  of  tank  B  was  formed  in  a 
similar  manner  into  a  V  of  length  3  feet  and  breadth  2  feet.  The  lengths 
of  the  tanks  were  thus  unaltered,  the  tidal  capacity  being  reduced  to  three- 
quarters  of  what  it  was  before. 

The  sand  was  arranged  in  a  similar  manner  to  that  previously  adopted, 
except  that  the  initial  depth  of  the  sand  was  4  inches  (033  foot  in  A) 
instead  of  3  inches,  and  the  scummers  raised  so  as  to  maintain  the  water 
higher  in  a  corresponding  degree. 

Experiments  XI,,  A,  and  X.,  B,  Figs.  20  to  23,  March  18  to  April  29. — 
In  tank  A  the  rise  of  tide  was  176  and  the  period  47*20.  The  experiments 
were  first  started  without  land  water.     The  observed  character  of  the  action 
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wmm  much  the  mme  ub  with  ibr  recUtigtilar  e^iiariea,  beiog  more  inkuse 
taw«fda  ihe  top  of  the  V,  *nd  qtiiet^r  ai  »ih1  below  the  broad  eod, 

Tb^  Gm%  attempt  in  Tank   B  §hfiw^   (halt  ovriDg   to   the   dtmitiislid 

cftpseilj  of  %be  e^umne^,  the  4aiid  would  not  eocne  down  even  so  well  as 

in  c>^m'«poo«)iDg  ript*nnienlJi  with  n>et«nguhir  it^ttiarte^*     This  led  to  the 

ahaiKionmeoi  of  Experiatcat  IX.  B.  mml  stArtitig  X..  with  a  rise  of  tide 

0]10«  withovit.  hinruTi;r«  Albeniig  ihe  loirel  of  ifae  sand.     The  experimeutii 

were  ootttiDned  in  kith  tiuik^  wttJiottt  land  water  until  about  40,(K)0  lidm 

hjid  been  mn,  and  Phum  1  hdiI  i  hmi  been  takeci.     Thes^  plans  show  the 

«tmilaritv  of  the  efft^cu  in  thi!  twa  tankn,     Thev  also  show  decidedly  tht^ 

cbamcter  €*f  the  di^itrtbiitioo  iif  the  eand  ia  the  V*shaped  ei«tuar)%     It  will 

be  aeen  that  the  estnant  poritiopa  of  the  ciintours  up  the  e^tuan^  are  much 

Ibe  mme  as  in  the  reetangafau'  estuariei;,  while  the  extreme  pi^^itioos  down 

I    the  estuaries  are  verj  mnch  ttier^ased.    The  low- water  conrourB  ejct^nd  from 

m   Section  11  to  84!€tion  19.  while  in  Experiment  V.,  A,  Plan  1  Jt  extonds  b^m 

■    Section  H  to  Section  Vt     The   low* water  chanQeld   are  nearly  the  same 

I     depth  at  eorrei^nding  pointa  all  down  the  estuary  in    both    experimetiti, 

I     whilti  in  the  V  e^tuaritf^  the  bank^i  t^xtend  C  to  7  miles  (reduced  to  a  W-hd 

L^jde)  further  down. 

^^^  After  Exjierimeiiti*  XL,  A  ami  X,,  B,  had  proceeded  to  about  40,(J00  tides, 
I  corresponding  qiiantitie.s  of  land  wat^.T  wero  introdneed  at  the  tops  of  tk 
I     estuaries,  one  quart  in  one  minute  in  A,  about  1/140  of  the  tidal  capadtyi  A 

in  B  one  quart-  in  5'68  mintiti-s,  rir  aU-nt  1  14n  of  the  tidal  capucit}.  The 
tanks  were  then  run  on  for  12,000  tides,  and  surveys  for  the  plans  3  made 
(Figs.  24  and  25).  The  general  effect  of  this  land  water,  as  shown  in  these 
experiments,  is,  as  before,  to  lower  the  sand  at  the  tops  of  the  estuaries  and 
slightly  to  raise  it  at  the  bottom.  They  were  not,  however,  continued  long 
enough  to  show  a  state  of  equilibrium.  As  in  the  rectangular  estuaries,  the 
detailed  effects  of  the  land  water  were  much  more  observable  than  those 
shown  in  the  surveys.  The  land  water  continually  ploughed  up  the  sand  at 
the  top  of  the  estuary  and  kept  the  banks  down,  but  owing  to  the  narrowness 
of  the  estuary  the  general  effects  of  this  were  not  so  striking  as  in  the 
rectangular  estuaries. 

Experiments  XII.,  A,  and  XII,  B,  luith  Land  Water,  Figs,  26  to  29, 
April  29  to  May  19. — These  were  under  conditions  precisely  similar  to 
XI.,  A,  and  X.,  B ;  XL,  B,  with  land  water,  was  started,  but  owing  to  an 
accident  it  was  restarted  as  XIL,  B. 

Both  experiments  were  run  about  16,000  tides  and  then  surveyed,  and 
then  run  on  about  16,000  more  tides  and  surveyed  again. 

The  plans  are  all  very  similar,  and  show  but  little  difference  from  the 
plans  3  with  land  water  in  the  previous  exjjeiiments. 


58]  ON  THE   ACTION   OF   WAVhiS   AND  CURRENTS.  429 

27.  Experiments  in  long  Y-shaped  Estuaries  without  and  rvith  Land 
Water  in  Tanks  C  and  D. — Tank  C  was  formed  by  extending  A  by  adding 
a  rectangular  trough  to  the  top,  and  so  as  to  admit  of  partitions  forming 
a  V  extending  from  Section  23  (12  A),  and  D  was  formed  by  extending  B  in 
a  similar  manner.  The  lengths  of  the  tanks  were  thus  extended  6  feet  and 
3  feet  greater  than  A  and  B,  while  the  capacities  were  the  same  as  the 
original  capacity  of  A  and  B. 

The  sand  in  C  (A  extended)  was  laid  4  inches  deep  from  the  top  of  the 

V  to  Section  28o  C  (17-5  A). 

The  sand  in  D  (B  extended)  was  laid  2^  inches  deep  from  the  top  of  the 

V  to  Section  28-5  D  (l7o  B). 

Experiments  /.,  C  and  D,  Figs.  30  to  33,  May  24  to  June  16,  without  Land 
Watei\ — In  C  the  tide  was  01 62  foot,  and  the  scummer  was  placed  so  that 
the  mean  tide  when  running  was  0008  foot  above  the  initial  level  of  the 
sand ;  this  was  not  observed  at  the  time,  being  a  consequence  of  the  land 
water  raising  the  level  of  low  water  by  the  necessity  of  getting  over  the 
weir. 

In  D  the  tide  was  0105  foot  and  the  mean  tide  was  010  foot  below  the 
initial  level  of  the  sand.  Thus  reduced  to  a  30-foot  tide,  the  initial  depth 
of  the  sand  was  5  feet  higher  in  C  than  in  B.  The  experiments  were  run 
for  about  16,030  tides  and  surveyed,  then  restarted,  when  the  level  of  water 
in  C  fell  owing  to  a  leak  in  the  scummer. 

This  lowered  the  sand  at  the  lower  end  of  the  estuary,  and  a  partial 
survey  was  made,  and  then  the  experiment  continued  until  both  tanks  had 
exceeded  30,000  tides.  The  results,  as  shown  in  the  plans,  are  very  much 
alike,  considering  the  very  considerable  differences  in  the  initial  quantities 
of  sand.     Owing  to  the  much  higher  level  of  the  sand  in  D,  the  top  of  the 

V  was  much  more  silted  up  in  the  early  part  of  the  experiment,  and  the 
sandbanks  were  higher  towards  the  bottom  of  the  estuary.  Otherwise  both 
tanks  show  the  same  characteristics. 

The  highest  point  of  the  contour  low  water  in  the  generator  is  still  at 
Section  15,  while  the  highest  point  of  the  contour  at  high  water  in  the 
generator  is  at  Section  4,  so  that  the  distance  between  the  highest  points 
of  these  sections  was  still  about  11  miles,  while  the  banks  at  low  water 
extended  down  to  Section  26. 

Experiments  IL,  Tanks  C  and  D,  xoith  Land  Water,  Figs.  34  to  37,  June 
17  to  July  8. — The  conditions  in  these  experiments  were  the  same  as  in 
Experiments  I.,  Tanks  C  and  D,  except  that  the  scummer  in  D  was  altered, 
until  the  mean  tide  level  was  only  '003  foot  above  the  initial  height  of  the 
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natid,  aiui  in  Tank  A  tJ02  Icxit  above,  while  the  ruse  of  title  i&  A  wm  sligbtijr 
greater  and  that  in  B  slightly  Im^. 

Surveys  were  taken  at  nbout  16»000arid  32,000  tides  re^pectivelj ;  they 
are  very  dmilar^  and  the  t!ffi?ctft  of  the  land  rater  m*u,  aii  before,  to  slightlj 
mine  the  lower  j<and  and  lower  the  upper.  At  low  water  there  was  still 
water  in  the  chatmeb  right  up  to  the  top  of  the  eatnary,  and  at  high  wat+'j- 
there  wan  what  wonid  corre^^pimd  in  a  30-foot  tide  with  10  or  12  feet^U 
water  at  the  top  in  the  low-water  ehannela 
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28.  EitpeHments  in  hug  V-ghapml  Esiuanes  miUi  ntrmghi  tidal  Ritvn 
ea-tendijiff  up  from  the  kfp  of  the  V  wiilt  und  untlmut  Water  in  Tanks  E,F^ 
ami  F. — Tank  E  \\m  formed  by  Qpemng  out  the  partition  hoaois  in  Tank  C 
at  the  end  of  the  V  to  a  difltanoe  of  4  inches*.  That  iK/rtion  of  the  V  beloff 
Seetiou  12  remained  m  in  Tank  C,  the  position  of  the  [mrtition  boards  nut 
being  altered.  At  a  «e<*tion,  12  5,  a  small  angle  was  fomied.  so  that  wbiW 
the  boards  above  the  iscction  remained  stmight  their  ends  stood  apart  4  iDches 
instead  of  closing  up  to  form  a  V.  Tank  C  wa^  extended  by  a  trough  19  (e^i 
long,  in  which  panition  walla  were  cotibtrueted  continuing  the  partitions  in 
the  lower  pt^rlion  up  to  a  eeetiitn,  38,  above  the  zen>  in  Tank  C:  these  were 
atraight,  vertae al  biwinls,  the  distance  between  them  contracting  from  4  in^gs 
at  the  lower  end  to  1  inch  at  the  end  of  the  river.  a^l 

Tank  F'  was  formed  in  a  similar  manner,  except  that  the  upper  esttension 

was  bent  throtitrli  twu  sh^irp  n^_;ht  rin^Hes  ^o  m  to  return  al^ng  the  side  of 
the  tank ;  and  subsequently  tank  F  was  formed  exactly  similar  to  Tank  E 
with  half  the  dimensions. 

Experiment  with  Land  Water,  I.  and  II.,  Tanks  E  and  F,  Figs.  38  to 
47,  July  II  to  July  31. —  In  Tank  E  the  sand  was  laid  to  a  depth  of  4  inches, 
the  same  as  in  C,  from  the  upper  end  of  the  river,  Section  38  down  to 
Section  28.  The  rise  of  tide  was  0140  foot,  and  the  mean  level  of  the  tide 
about  016  foot  above  the  level  of  the  sand.  The  period  49  sees,  and  water 
1  quart  a  minute,  or  1/200  the  tidal  capacity  per  tide,  was  introduced  at  the 
upper  end  of  the  river. 

In  Tank  F'  the  sand  was  laid  similar  to  that  in  Tank  E,  the  rise  of  tide 
0*1  foot,  and  the  mean  tide  0006  foot  above  the  level  of  the  sand.  The 
period  being  3004,  land  water,  1/200  the  capacity  of  the  estuary,  was 
introduced  at  the  top  of  the  river. 

In  starting  these  experiments  the  effect  of  the  tidal  river  was  very 
marked.  After  the  first  tide  in  Tank  E,  some  depth  of  water  remained 
in  the  river,  and  a  long  way  down  the  estuary,  at  low  water,  and  the  tide 
came  up  with  a  bore  increasing  in  height  all  the  way  to  the  top  of  the 
river,  and  then  returned  with  a  bore  to  the  lower  end  of  the  river.     The 
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bore,  as  before,  soon  died  out  over  the  greater  part  of  the  estuary,  as  the 
sand  at  the  bottom  became  lower.  And  the  bore  gradually  died  out  in 
the  top  of  the  V,  until,  as  the  number  of  tides  approached  16,000,  the  bore 
only  began  to  show  at  about  Section  4,  and  ran  up  the  river  very  much 
diminished  from  what  it  was  originally. 

Owing  to  the  indraught  and  outflow  of  the  river,  the  velocity  of  the 
water  and  its  action  on  the  sand  was  greater  at  the  top  of  the  V  and  the 
mouth  of  the  river  than  at  any  part  of  the  estuary,  while  for  some  way  up 
the  river,  and  all  the  way  down  the  estuary,  there  was  a  large  volume  of 
water  running  at  low  water.  The  top  of  the  river  was  ninety  miles  (reduced 
to  a  30-foot  tide)  from  the  bottom  of  the  estuary,  and  the  tide  did  not 
commence  to  fall  at  the  top  of  the  river  until  after  low  water  at  the  mouth, 
so  that  nearly  all  the  tidal  water  in  the  river  ran  over  the  estuary  during 
the  low  water.  The  delay  in  the  return  of  the  water  from  the  river  obviously 
played  a  most  important  part  in  the  effects  produced. 

At  the  bottom  of  the  estuary  the  sand  came  down  much  as  usual,  but 
it  did  not  rise  at  the  head  of  the  estuary.  For  the  first  10,000  tides  the 
sand  was  all  covered  at  low  water  and  rippled  with  active  ripples  up  to  the 
end  of  the  river,  and  it  seemed  as  if  no  banks  were  going  to  appear.  The 
sections  of  the  sand  appeared  as  nearly  as  possible  horizontal.  The  level 
having  lowered  from  the  bottom  of  the  estuary  up  to  Section  15,  from 
Section  15  to  Section  3  it  was  somewhat  raised,  then  from  3  upwards  to 
7  it  was  lowered,  and  thence  up  to  the  top  of  the  river  it  was  raised  in  a 
gradual  slope.  At  about  12,000  tides  two  small  banks  appeared  at  low 
water,  one  on  each  side  of  the  estuary  at  Section  13.  Everything  was 
perfectly  symmetrical  so  far,  but  from  this  time  the  bank  on  the  right  of 
the  estuary  extended  downwards,  while  that  on  the  left  extended  upwards 
and  a  depression  or  channel  formed  between  them  extending  across  the 
estuary  in  a  diagonal  manner.  This  was  the  condition  when  at  16,000  tides 
the  first  survey  was  made. 

As  the  running  continued  these  banks  continued  to  rise,  that  on  the 
right  downwards,  that  on  the  left  upwards,  until  a  distinct  channel  was 
formed  from  the  mouth  of  the  river  down  to  Section  20,  as  shown  in  the 
second  survey  at  32,000  tides. 

The  level  of  the  sand  at  the  mouth  of  the  river  altered  very  little, 
diminishing  during  the  first  10,000  tides,  and  then  reassuming  its  original 
height,  but  the  sand  passed  upwards  through  the  mouth,  and  gradually 
raised  the  level  in  the  river  above,  until  there  was  only  about  002  foot  in 
the  shallowest  places  at  low  water  (corresponding  to  5  feet  on  a  30-foot 
tide) ;  this  level  was  first  reached  at  the  top  of  the  river  and  then  gradually 
extended  down  to  Section  19,  which  point  it  had  reached  at  32,000  tides. 
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when  thc^  st5cund  eiirvir^  wj4.s  taken.  In  this  condition  the  bore  still  ivaditfii 
tho  end  uf  the  river,  raising  the  water  0'02  foot  (5  feet  on  the  30- foot  tide), 
Alxjve  Section  19  all  niotion  of  the  sand  bad  ceased,  but  below  this  the  mni 
Wtt«  i^till  moving  up  when  the  e.x penmen t  st*>p[}ed  The  bore  still  forto^  *t 
the  mouth,  but  very  much  diiiiini.slie<i,  and  was  very  slowly  diminishing- 
The  ttnal  condition  of  the  estuary  shows  the  contour  at  low  water  in  the 
geuermtors  extending  up  to  Section  9,  and  the  contour  at  high  water  in  tke 
generator  to  Section  IL 


i 
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In  tank  ¥\  with  the  ubiirp  turns  in  the  rivor,  the  action  of  the  sand  al 
the  bottom  of  the  tank  was  at  first  sluggish,  as  in  Experiment  IV,  In  tbe 
top  of  the  estuary  and  river  the  appearance  of  things  for  the  first  10,000 
tides  wa«  much  the  same  as  in  Tank  E,  except  that  the  ripple  of  the  sand 
did  not  extend  more  than  half-way  up  the  river,  and  deep  holes  were  farmed 
at  the  bends,  banks  being  formed  between  them.  The  bore,  however,  nm 
up  to  the  end  of  the  river  until  some  time  after  the  first  survey  was  mki% 
and  the  tide  stdl  rose  very  slightly  when  the  second  survey  was  made, 
though  the  river  was  barred  by  a  bank  between  the  bends,  by  w*hich  the 
fIcMxi  just  passed  in  small  channeLs  at  the  sides.  The  sand  had  risen  in  tbe 
top  of  the  estuary  until  it  virtually  closed  the  mouth  of  the  tidal  riven  and 
the  condition  of  the  estuary  rcKembled  that  obtained  in  Tank  IX  Thi* 
virtually  ended  the  exi^riment,  but  opportunity  w^s  taken  to  try  the  effifCt  ■ 
of  a  larger  quantity  of  laud  water,  which  was  iiicrea&etl  to  one  quart  in  twn 
minutes— ?;e.  nearly  three  tin  res—and  the  experiment  continued  for  20^000 
more  tides  without  any  material  effect. 

In  Tank  F  the  action  at  the  lower  end  of  the  tank  was  again  sluggish. 
At  the  top  of  the  estuary  and  in  the  river  the  conditions  of  the  sand  were 
as  near  as  possible  similar  to  those  in  Tank  E,  but,  as  it  came  out,  the 
mean  level  of  the  water,  relative  to  the  level  of  the  sand,  was  some  5  feet 
(reduced  to  a  30-foot  tide)  lower  in  F  than  in  E. 

The  appearances  for  the  first  16,000  tides  were  the  same  as  far  as  was 
observed ;  the  ripple  now  extended  up  to  the  top  of  the  river,  and  no  banks 
formed  at  the  mouth.  Nevertheless,  before  the  second  survey  was  taken, 
the  tide  ceased  to  rise  above  the  mouth  of  the  river,  proving  that  the 
previous  failure  to  realise  the  same  state  in  the  small  tank  as  in  the  larger, 
had  not  been  entirely  due  to  the  bends  in  the  river.  The  question  remained 
whether  it  might  not  be  owing  to  the  higher  level  of  the  sand  relative  to 
the  mean  level  of  the  tide. 

This  question  brings  into  prominence  a  fact  observed  during  all  the 
experiments,  but  which  had  not,  previous  to  the  experiments  on  E  and  F, 
assumed  a  position  of  importance.  This  is  the  gradual  diminution  of  the 
rise  of  tide  owing  to  the  lowering  of  the  sand. 
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29.  The  rise  of  the  tide  depends  not  only  upon  the  rise  of  the  generator, 
but  also  upon  the  tidal  capacity  of  the  tank.  This  capacity  is  the  product 
of  the  area  of  the  surface  at  high  water  multiplied  by  the  rise  of  tide,  less 
the  volume  of  sand  and  water  above  low  water  in  the  generator.  Now  in 
starting  the  experiments  with  the  sand  at  the  level  of  mean  tide,  not  only 
is  there  much  more  sand  above  the  level  of  low  water  in  the  generator  than 
when  the  final  condition  of  equilibrium  is  obtained,  but  the  quantity  of  water 
retained  on  the  top  of  the  level  sand  is  considerable,  so  that  the  tide  rises 
considerably  higher  in  the  generator  at  starting  than  when  the  condition 
of  equilibrium  is  obtained,  which  excess  of  rise  gradually  diminishes  as  the 
sand  comes  down  at  the  lower  end  of  the  estuary. 

Although  the  foot  of  the  sand  comes  down  pretty  rapidly  at  the  com- 
mencement of  the  experiment,  owing  to  the  surface  being  rippled,  the  water 
runs  off  slowly,  and  it  is  not  till  the  sand  at  the  end  of  the  estuary  has  been 
raised,  and  a  slope  formed,  that  the  water  runs  down  freely  at  low  water,  so 
that  during  the  early  part  of  the  experiment  not  only  is  the  rise  of  tide  at 
the  head  of  the  estuary  high,  but  also  the  low  tide  and  the  mean  level  of  the 
tide.  The  result  is  that  the  mean  level  of  the  water  at  the  head  of  the 
estuary  is  higher  during  the  early  part  of  the  experiment.  These  changes 
in  the  tide  at  different  parts  of  the  estuary  and  at  different  stages  of  the 
tide  are  well  shown  by  the  automatic  tide  curves,  page  481.  As  the  sand  is 
rising  at  the  top  of  the  estuary,  the  result  of  the  high  water  is  to  raise  the 
first  banks  above  the  level  to  which  the  tide  finally  rises. 

As  these  banks  come  out  and  the  ripple  is  washed  off,  leaving  smooth 
surfaces  and  channels,  from  which  the  water  runs,  and  clean  dry  banks,  the 
mean  level  as  well  as  the  rise  of  tide  falls,  leaving  the  tops  of  the  bank, 
which  were  at  first  covered,  high  and  dry. 

These  effects  were  much  greater  in  Experiments  C  and  D  than  in  A  and 
B,  and  still  more  marked  in  E,  F,  and  F'.  In  E,  F,  F',  the  plans  1  and  2, 
taken  at  16,000  and  33,000  tides  respectively,  show  the  difference  in  the 
level  of  the  sand  at  the  mouths  of  the  respective  rivers.  In  Tank  E  the 
rise  of  tide  at  the  mouth  of  the  river  was  observed  to  be  0'02  higher  at 
16,000  than  at  30,000  tides,  and  in  Tanks  F  and  F'  at  16,000  tides  there 
was  a  bore  which  ran  up  to  the  top  of  the  river,  while  at  33,000  tides  the 
sand  at  the  mouth  was  not  covered  at  high  water. 

It  thus  seems  that  the  condition  of  things  which  follows  from  starting 
with  the  sand  level,  and  a  constant  height  of  low  water,  is  to  institute  a 
distribution  of  sand  at  the  top  of  the  estuary,  corresponding  to  a  state  of 
equilibrium  with  a  higher  tide  than  that  which  ultimately  prevails;  and 
the  greater  the  initial  height  of  the  sand  relative  to  the  mean  level  of  the 
water  the  greater  will  be  this  effect.     That  this  action   tends   to   explain 

o.  R.   II.  28 


434 


IVKS  AKD  cumRiirm 


the  cloning  of  the  mouths  of  the  rivers  in  Tanks  F'  and  F  and  not  in  Eis 
clear.  But  it  is  not  clear  that  this  is  the  sole  expUtiation  ;  the  condidoiiB 
in  F'  and  F  were  not  far  removed  from  the  liniits  of  similarity  obtained 
in  the  rectangular  tanks,  and  it  is  not  clear  that  these  limits  may  wot  be 
somewhat  ditferent  in  the  long  estuaries  with  tidal  rivers.  This  ia  i 
matter  which  requireii  further  experimental  e3£aminatio&,  for  which  tliere 
has  not  been  time. 

30.  Erpm^iment  II.  in  E  and  F,  Figs.  42  to  45,  tmihout  Land  Fater, 
August  5  to  September  1.— These  experiments  have  been  rnade  under  the 
Hanie  conditions  as  in  L  £  and  F,  except  for  the  land  water.  The  general 
appeai-ance  of  the  progress  of  the  experiments  was  nearly  the  same,  and 
Plan  1  shows  little  difference*  But  ns  the  experiment  in  E  proceeded,  it 
became  clear  that  the  river  was  going  to  fill  up  gradually  from  the  end. 
The  bore  no  longer  reaches  the  end  at  16,000  tides,  while  it  had  ceased  to 
exist  and  the  tide  had  ceased  to  rise  at  Section  11  in  the  river  at  32,000 
tides,  the  end  of  the  estuary  also  having  filled  up,  the  action  in  F  being 
nearly  the  same.  Thus  we  have  evidence  similarly  shown  by  both  estuaii^ 
that,  altliough  the  fresh  water  produces  little  effect  on  the  condition  rf 
equilibrium  of  a  hnmd  estuary,  the  existence  of  a  long  tidal  river  aboTB 
the  estuary  does  produce  a  great  effect  on  the  level  of  the  low-water 
channels  in  the  upper  portions  of  the  estuary,  and  that  land  w^ater,  ereD 
in  such  small  quantities,  is  efifective  to  keep  open  a  long  tidal  river  emptjiflj 
into  a  sandy  estuai-y  or  bay*. 


For  continuation,  see  p.  4S2. 
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AND  Results  of  the  Experiments. 


Action  of  the  water  on  the  sand  in  1 

rormincr  the  bed 

Criterion 
of  simi- 

Height 
of  initial 

Height 
of  mean 

Number 
of  tides 

at  the  lower  end  of  the  estuary 

Unty 

sand  in 
feet 

tide  in 
feet 

from  the 
start 

C=h^e 

Manner 

Rate 

Final  state 

0-490 

0-25 

0-265 

93,839 

General 

Normal 

0-083 

0125 

0-140 

99,388 

General 

Normal 

Normal 

0-08;} 

0125 

0-140 

130,176 

— 

— 

Large  ripple 

0-058 

0125 

0130 

16,344 

Nearly  normal 

Nearly  normal 

Nearly  normal 

0-023 

0-125 

0-1325 

13,078 

Very  partial 

Very  slow 

— 

0-002 

0-65 

0-065 

17,919 

— 

Zero 

— 

0-016 

01-25 

0142 

36,776 

— 

— 

— 

0-019 

0125 

0141 

78,986 

— 

— 

Not  reached 

0-001 1 
0-001) 

Slope  1 

(0-065 

17,424 

— 

Zero 

— 

in  124 

I     „ 

39,727 

— 

— 

Nearly  normal 

0-252 

0-25 

0-256 

19,437 

Normal 

Normal 

— 

0-064 

0125 

0-148 

18,332 

Nearly  normal 

Nearly  normal 

— 

0-362 

0-25 

0-256 

42,820 

— 

Normal 

Normal 

0-066 

0125 

0-148 

68,861 

— 

— 

— 

0-362 

0-25 

0-256 

76,273 

See  description 

— 

See  description 

0-066 

0-125 

0-148 

91,184 

See  description 

— 

See  description 

0-346 

0-333 

0-337 

17,206 

Normal 

Normal 



0101 

0166 

0179 

17,879 

— 

Normal 

— 

0-320 

0-3.%3 

0-348 

39,809 

— 

— 

Normal 

0101 

0166 

0-169 

40,268 

— 

— 

Normal 

0-343 

0-333 

0-.348 

60,243 

Normal 

Normal 

Normal 

0-095 

0-166 

0169 

57,024 

Normal 

Normal 

Normal 

0-327 

0333 

0-340 

16,538 

Normal 

Normal 

— 

0-095 

0166 

0-168 

15,981 

Normal 

Normal 

— 

0-315 

0-333 

0-343 

31,991 

Normal 

Normal 

Normal 

0081 

0-166 

0175 

35,129 

Normal 

Normal 

Normal 

0-278 

0333 

0-341 

16,943 

Normal 

Normal 



0-084 

0-187 

0-179 

16,383 

Ni'iirly  normal 

Nciirly  Jumiial 

— 

0-275 

0-333 

0-345 

30,584 

Xi>rmal 

Normal 

Normal 

0-088 

0-187 

0-179 

35,344 

Nearly  nonual 

Xeiirly  normftl 

Nearly  normal 

0-274 

0-333 

0-344 

16,908 

Normal 

Koniial 

— 

0-074 

0-187 

0-190 

18,128 

Nearly  iKiniial 

Nearly  nunnal 

— 

0-274 

0-333 

0-335 

31,127 

Niimjal 

Normal 

Normal 

0O74 

0-187 

0-190 

31,928 

Nearly  namml 

Nearly  uonnal 

Nearly  normal 

0-185 

0-333 

0-350 

16,368 

Normal 

Normal 



0-073 

0187 

0191 

16,577 

Partial 

Sluggish 

— 

0-189 

0-333 

0-337 

32,635 

— 

Normal 

Normal 

0-073 

0-187 

0-191 

32,880 

— 

— 

Ripple  large 

0-174 

0-333 

0-349 

15,871 

Normal 

Normal 

— 

0-060 

0-187 

0193 

17,184 

Partial 

Sluggish 

— 

0-163 

0-333 

0-349 

32,501 

— 

— 

Normal 

0O66 

0-187 

0-192 

29,947 

— 

— 

Ripple  large 

0-085 

0-187 

0-187 

16,577 

Partial 

Sluggish 

— 

0-080 

0-187 

0-187 

32,677 

— 

— 

Ripple  large 
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THIRD  REPORT  OF  THE  COMMITl^EE  APPOINTED  TO  INVES- 
TIGATE THE  ACTION  OF  WAVES  AND  CURRENTS  ON 
THE  BEDS  AND  FORESHORES  OF  ESTUARIES  BY  MEANS 
OF  WORKING  MODELS, 

[F^m  the  "British  Association  Report/*   189 L] 

The  Committeo  held  a  meetiog  in  the  rooms  of  Mr  G.  F. 
32  Victijiia  Sti^et.  Westtninster  (July  29,  1891X  and  considered  the  resuTtT 
obtaint'fl  siin'n  the  last  report.  I*n)fessor  Reynolds  reported  that  by  tht^  ^aip 
of  the  meeting  of  the  British  Association  the  objects  of  the  investigation 
would  be  accomplished,  and  suggested  that  it  would  not  be  necessary  to 
continue  the  investigation  beyond  that  date  or  to  apply  to  the  Association 
for  reappointment.  These  suggestions  were  adopted,  and  it  was  resolved 
that  the  thanks  of  the  Committee  be  communicated  to  the  Council  of  the 
Owens  College  for  the  facilities  afforded  for  conducting  the  experiments  in 
the  Whitworth  Engineering  Laboratory. 

Having  considered  the  disposal  of  the  apparatus,  which  has  no  pecuniar)' 
value,  the  Committee  resolved  to  recommend  the  Association  to  place  it  at 
the  disposal  of  the  Owens  College. 

At  a  second  meeting  held  in  the  Committee  room  of  Section  G  at  Cardiff 
the  report  submitted  by  Professor  Reynolds  was  adopted. 


§  I. — Introduction  to  Report  IIL 

1.  In  accordance  with  the  suggestions  in  the  Second  Report,  read  at 
the  Leeds  meeting  of  the  British  Association,  the  investigation  has  been 
continued  with  a  view — 
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(1)  To  obtain  further  information  as  to  the  final  condition  of  equilibrium 
with  long  tidal  rivers  entering  the  head  of  a  V-shaped  estuary. 

(2)  To  obtain  a  more  complete  verification  of  the  value  of  the  criterion 
of  similarity. 

(3)  To  investigate  the  effect  of  tides  in  the  generator  diverging  from 
simple  harmonic  tides. 

(4)  To  determine  the  comparative  effect  of  tide^  varjdng  from  spring  to 
neap. 

Opportunity  has  also  been  taken  : — 

(5)  To  investigate  the  effect  of  prolonging  the  walls  of  the  river  into 
the  estuary  through  the  bar,  which  was  below  low  water,  with  prolongations 
reaching  up  to  low  water,  and  others  reaching  up  to  half-tide — this  being 
done  in  both  models,  so  that  the  similarity  of  the  effects  might  be  seen ;  and 

(6)  To  investigate  the  eficct  of  rendering  the  estuaries  unsymmetrical 
by  means  of  large  groins,  and  so  to  test  the  laws  of  similarity  obtained  in 
the  symmetrical  estuaries  as  applied  to  unsymmetrical  estuaries. 

2.  The  two  models  have  been  continuously  occupied  in  these  investi- 
gations, when  not  stopped  for  surveying  or  arranging  fresh  experiments. 
In  this  way  each  of  the  models  has  run  600,000  tides,  corresponding  to 
840  years.  These  tides  have  been  distributed  over  six  experiments  in  the 
large  tank  E,  and  four  in  the  small  tank  F,  in  number  from  50,000  to 
250,000. 

3.  The  experiments  have  all  been  conducted  on  the  same  system  as 
described  in  the  previous  reports. 

All  the  experiments  but  one  have  been  made  in  tanks  E  and  F,  without 
further  modification ;  and  in  all  these  land  water  to  the  extent  of  0*5  per 
cent,  of  the  tidal  capacity  per  tide  has  been  introduced  at  the  top  of  the 
river. 

Initially,  the  sand  has  been  laid  to  the  level  of  half-tide  from  Section  13 
up  the  river  to  Section  26  down  the  estuary.  The  vertical  sand  gauges 
distributed  along  the  middle  line  of  the  estuary  have  been  read  and 
recorded  each  day.  Tide  curves  have  been  taken  at  frequent  intervals. 
Contour  surveys  have  been  made,  generally  after  16,000  tides,  and  again 
after  32,000;  while  in  the  longer  experiments  further  surveys  have  been 
made.  With  the  spring  and  neap  tide,  the  rate  of  action  being  much  the 
slower,  intervals  between  the  surveys  have  been  longer.  In  all  26  complete 
surveys  have  been  made,  and  20  plans  showing  contours  corresponding  to 
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every  6  feet,  reduced  to  a  30 -foot  tide,  together  with  sections  and  tide  curves 
(page  50G)t  are  given  in  this  report  ^ 

The  genem!  conditions  of  t^ach  experiment,  tf>gether  with  the  genend  ' 
reanlta  obtained,  ai*e  t*hown  in  the  table,  whilo  a  description  of  each  experi- 
ment is  given  in  §  VI. 

The  Committee  have  been  fortunate  in  retaining  the  servioea  of  Mr 
Oreenshiolds,  who  haa  carried  out  the  ex|3eninent^,  ob^ierving  and  recording 
the  refliiltSj  beaideH  executing  &iieh  modiiications  as  have  been  required, 
dissigning  the  compound  harmonic  gearing  for  the  apring  and  neap  tidess 
which  haa  answerod  excellently. 

Mr  Bamfonl  has  kindly  continued  his  assistance  in  conducting  the  inv€^ 
tigations  and  reducing  the  results. 

I  II.— General  Results  and  CoNCLUsioKa 

4  lYte  conditwHS  of  eiiuUihntim  mith  a  lung  tidal  t*irer  enuring  at  ths 
top  of  a  V-shap^,  mtuary, — The  experinjents  in  tankw  C  and  E  made  la^t 
year  led  to  the  conclusion  stated  in  Art  11  of  the  Second  Report;  *  that 
the  cftect  of  a  river  50  miles  long,  when  reduced  to  a  30-foot  tide,  inca^asing 
gradually  in  width  until  it  en  tens  the  top  of  a  V-^jhaped  estuary,  m  entirely 
to  change  the  character  of  that  estuary.  The  time  occupied  by  the  water  ia  fl 
getting  up  the  river  and  in  returning  causcH  this  water  to  ri!n  down  thi^ 
estuary  while  the  tide  is  low,  and  necessitates  a  certain  depth  at  low  water, 
which  causes  the  channel  to  be  much  deeper  at  the  head  of  the  estuary. 
In  its  effects  on  the  lower  estuary  the  experiments  with  the  tidal  river 
arc  decisive,  but  as  regards  the  action  of  silting  up  the  river  further  investi- 
gation is  required,  both  to  establish  similarity  in  the  models,  and  to  ascertain 
the  ultimate  condition  of  final  equilibrium/ 

From  this  year  s  experiments,  III.,  IV.,  V.,  VI.,  and  VIL,  in  tank  E,  and 
V.  and  VI.  in  tank  F,  it  appears  that  if  the  length  of  tlie  tidal  reiver,  reduced 
to  a  SO  foot  tide,  is  50  miles ;  or  taking  R  for  the  length  of  the  tidal  river  in 
miles  and  hfor  tlce  rise  of  tide  at  the  mouth  of  the  estuary  in  feet ^  if 

R  =  8-5  VA 

the  river  tvill  keep  open  so  that  the  tide  will  rise  to  the  top,  the  sand  falling 
gradually  from  the  top  of  the  river  to  the  level  of  about  mean  tide  at  the 
mouth. 

That  the  depth  of  tvater  in  the  river  and  at  the  top  of  the  estuary  increases 
rapidly  with  the  length  of  the  river^  and  when 

R=12\/h 
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ih^  level  of  the  sand  at  the  motUh  of  the  river  will  be  more  than  h  feet  below 
the  level  of  low  water,  and  the  bottom  will  be  below  low  water  level  for  more 
than  half  Hie  length  of  the  river  above  its  m^uth, 

5.  The  similarity  of  the  results  in  the  tanks  E  and  F. — The  experiments 
in  the  tanks  E  and  F  this  year  confirm  those  of  last  year,  in  showing  that 
during  the  early  stages  of  forming  the  estuary  from  sand  at  the  level  of 
mean  tide,  the  action  in  the  river  is  different  in  the  small  tank  F  from 
what  it  is  in  the  large  tank  E,  although  the  value  of  the  criterion  of  simi- 
larity h^e*  may  be  but  little  below  0*09. 

It  was  not  found  practicable  to  get  the  value  of  the  criterion  any  greater 
in  tank  F,  but  it  was  found  on  diminishing  the  rise  of  tide  in  the  large 
tank  E  until  the  criterion  had  a  value  0*09,  that  the  results  were  still  similar, 
although  the  rate  of  action  and  the  increase  in  the  size  of  the  ripple  in- 
dicated that  the  limit  was  being  approached.  That  the  dissimilarity  in 
tank  F  was  only  the  result  of  a  phase  in  the  formation  of  the  estuary  was 
also  definitely  shown  by  the  effects  of  dredging  out  the  sand,  which  was 
above  the  initial  level  in  the  river  during  the  early  stages  of  the  Experi- 
ments V.  and  VI.,  after  which  the  action  in  tank  F  resumed  the  same  course 
as  that  in  E,  and  led  to  the  same  final  condition  of  equilibrium,  showing 
by  the  rate  of  action  and  size  of  ripple  that  the  limit  of  similarity  was 
approached. 

It  thus  appears  that,  with  such  arrangements  as  these  tanks  represent, 
there  are  two  possible  conditions  of  final  equilibrium. 

The  one  is  that  which  has  uniformly  been  presented  by  tank  E,  and  in 
Experiment  V.  in  tank  F  after  dredging ;  namely,  the  tide  rising  up  to  the 
top  of  the  river  and  keeping  the  sand  low  in  the  estuary.  The  other,  that 
which  was  presented  in  Experiments  I.,  IL,  III.,  and  IV.,  in  tank  F ;  namely, 
the  sand  at  the  top  of  the  estuary  rising  to  high  water  level,  as  it  would  do  if 
there  were  no  river,  choking  the  mouth  of  the  river,  except  so  far  as 
necessary  to  allow  the  land  water  to  pass,  and  so  preventing  any  tidal  action 
from  the  river. 

Which  of  these  two  conditions  the  river  will  assume  during  the  process  of 
forming  the  estuary  appears  to  be  a  critical  matter,  decided  by  whether  the 
tidal  action  of  the  river  in  lowering  the  sand  at  the  head  of  the  estuary  pre- 
dominates over  the  tendency  of  the  tide  in  the  estuary  to  raise  the  sand  at 
the  mouth  of  the  river. 

There  is  a  possible  condition  of  instability  between  the  river  and  the 
estuaiy.     The  emphatic  difference  in  the  action  of  the  long  tidal  river,  and 

*  his  the  actual  rise  in  feet,  e  the  vertical  exaggeration  as  referred  to  a  30-foot  tide. 


486  OK  THfi  ACTioir  or  wk^rm  and  cnmRENTa  {BJ 

mere  tidal  capacity  at  th©  head  of  the  pstuary,  in  keeping  down  the  sacid  at 
the  head  of  the  eatuai^^ ;  and.  farther,  the  very  great  effect  which  ao  iu- 
crea^  hi  the  length  of  the  river  ba^  on  the  depth  of  water  in  the  ^^ii&r^ 
and  in  the  river  are  clearly  shown**  In  Experiments  III*  and  V,  in  tank  E, 
an  increase  of  from  51*  to  70  miles  in  the  length  of  the  river  in  V.  caomiig 
the  depth  of  water  to  increase  fmm  hy  40  to  SO  feet  all  down  the  river 
and  e8tuar}%  lowering  the  mind  in  the  lower  river  and  upper  estuary  fn>ai  the 
level  of  half-tide  to  28  feet  below  low  water.  In  neither  of  these  tssfperi- 
nients  wa«  the  condition  of  instability  reached^  but  50  mileH  was  very  new 
the  limit-  1 

In  such  a  state  any  diminution  of  the  upper  tidal  waters  of  the  river,  hy 
shortening  the  river  or  by  land  reclamation,  might  well  have  censed  the 

critical  stage  Ui  be  pajsaed  and  caused  the  river  to  silt  op— just  ns  in  the 
other  way  the  increaaing  of  the  tidal  capacity  high  uj>  thi^  river  by  dredging 
in  Experiment  V.,  tank  F,  caused  the  critical  stage  of  mlting  up  to  be  passed 
and  the  river  to  open  out  The  sand  actually  removed  in  this  eKperimeni 
by  dredging  was  8  per  cent  of  the  tidal  capacity,  or  4O0  million  cubic  yards, 
rtimoved  at  the  rate  of  7  million  cubic  yards  a  year. 

In  mo6t  navigable  rivers  two  procei^Bes  have  be^n  going  on — dredging 
and  land  reclamation — the  first  tending  greatly  to  improve  the  rivers  and 
estnariegj  the  second  to  deteriorate  them  so  that  any  improvement  has 
been  a  question  of  balance.  Where  the  rivers  have  improved  they  will 
probably  continue  to  improve  so  long  as  dredging  goes  on,  but  if  the  dredging 
should  stop,  for  example  in  the  Thames,  there  would  in  all  probability 
be  a  gradual  deterioration,  possibly  ending  in  the  silting  up  of  the  tidiil 
river. 

G.  The  effect  of  Tides  deviating  from  the  simple  Harmonic  Law, — One 
attempt  was  made  to  study  this  question,  when  it  was  found  that  it  would 
ro(piire  such  modifications  in  the  gearing  as  were  not  practicable  in  the  time, 
and  so  it  was  abandoned. 

7.  The  action  of  Tides  varying  from  SpHng  to  Neap. — The  rates  of  action 
and  conditions  of  final  equilibrium  in  rectangular  tanks,  in  V-shaped  estuaries 
with  a  long  tidal  river,  and  in  each  estuary  rendered  unsymmetrical  by  large 
groins,  have  been  investigated  with  tides  varying  harmonically  from  spring  to 
neap,  and  again  to  spring  in  29  tides.  The  ratio  of  these  at  spring  and  neap 
being  3  to  2  as  compared  with  uniform  tides,  having  the  same  rise  as  the 
spring  tides,  also  for  uniform  tides  having  the  same  rise  as  the  mean  of  spring 
and  neap,  the  results  showing  definitely : 

*  See  page  506  in  which  the  sections  of  the  rivers  and  estuaries  in  tank  C,  Experiment  II.,  and 
tank  E,  Experiments  III.  and  IV.  are  plotted  to  the  same  vertical  and  horizontal  scales. 
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(1)  That  the  condition  of  Final  Equilibrium  in  all  cases  with  spiring  and 
neap  tides  vhis  the  same  as  that  with  uniform  tides  having  the  same  rise  as 
springs,  and  much  greater,  essentially  different,  from  that  with  a  uniform  tide 
having  a  rise  equal  to  the  mean  rise  of  spring  and  neap  tides, 

(2)  That  the  Rate  of  Action  with  the  varying  tide  is  much  smaller  than 
that  of  a  uniform  tide  having  (lie  rise  of  the  spring  tide.  The  ratios  being 
definite,  about  2*5  to  1. 

(3)  Thai  the  limits  of  similarity  obtained  for  all  spring  tides  hold 
approximately  for  tides  varying  from  spring  to  neap. 

8.  The  effects  of  prolonging  the  rivers  into  (lie  estuaries  by  walls  below 
high  water. — Experiments  V.  in  tanks  E  and  F  having  arrived  at  similar  final 
conditions  of  equilibrium  (in  which  the  depth  of  the  rivers  for  some  distance 
above  their  mouths  wjxs  reduced  to  a  30-foot  tide,  nearly  30  feet  at  low  water, 
while  the  sand  in  the  estuaries  gradually  rose  from  the  mouths  of  the  rivers 
until  it  reached  to  within  12  feet  of  low  water  at  a  distance  of  14  miles  below 
the  mouth  and  then  fell  again,  all  the  sand  being  below  this  level,  there  being 
passes  which  formed  a  crooked  deep  water  channel),  opportunity  was  taken 
to  prolong  the  banks  of  the  river  by  walls  at  first  up  to  low  water  and 
extending  through  the  bar  to  a  distance  of  44  miles  from  the  mouths  of  the 
rivers.  Then  raising  these  walls  to  half-tide,  and  finally  carrying  the  walls 
forward  slowly  in  tank  E  at  a  rate  of  half  a  mile  a  year  (700  tides),  and  in 
tank  F  dredging  fi*om  between  the  walls  at  a  rate  of  seven  million  cubic 
yards  a  year  (700  tides). 

This  was  done  in  the  first  place  as  a  further  test  of  the  similarity  of  the 
action  in  the  two  tanks,  and  secondly  as  affording  an  interesting  study  as  to 
the  effect  of  vertical  walls  in  the  direction  of  the  current  in  the  bed  of  a  tide- 
way. The  effect  of  these  walls  at  the  level  of  low  water  and  at  half-tide 
were  precisely  similar  in  both  tanks ;  in  neither  case  did  they  produce  any 
sensible  effect  at  all  on  the  level  of  the  sand  between  them.  At  the  level  of 
half-tide  they  caused  in  both  tanks  a  slight  silting  up  outside  the  walls  and 
also  a  slight  silting  up  in  the  river  above  its  mouth,  which  effects  were  very 
much  increased  when  the  walls  were  raised  to  half-tide.  On  the  walls  being 
removed  in  tank  E  and  then  gradually  carried  forward,  the  silting  up  behind 
the  wall  and  deterioration  of  the  river  increased,  but  there  was  no  improve- 
ment in  navigable  depth  between  the  walls. 

The  dredging  in  tank  F,  so  long  as  it  was  continued,  added  about  20  feet 
on  a  30- foot  tide  or  10  feet  on  a  15-foot  tide,  to  the  navigable  depth  between 
the  walls,  but  there  was  the  same  silting  up  behind  the  walls  and  the  same 
deterioration  in  the  river. 

It  thus  appears  that  the  similarity  of  the  results  in  both  tanks  supports 
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the  cot  J  cl  11  si  on  thui  rcrti<''tJ  UHtUs  hainufj  the  hm-uontal  direction  of  the  currmit 
in  a  Hirmghf  tf^hmutt^  tuai  lemiiimtint/  well  hdow  high  waiet%  /jrodace  b^t  UUk 
effect  on  the  '  uHon  of  the  sand  betweea  Ihmn,  m  long  as  Uie  passape  i» 
freelt/open  at  both  eiuh,  but  that  if  the  passinje  be  blocked  at  ofw  end  they  fwfu 
n  hay  in  which  the  sand  rise^  at  the  Iimd> 

9.  The  effects  of  Hw  tide  in  estnaries  not  aymmetricuL — Having  so  &j, 
in  acconlancc  with  thf  original  scheme  of  this  investigation  (First  Report.^ 
1H8J)»  p.  5),  simplified  the  circumstances  which  influence  the  distribution  of 
sand  by  raaintaining  the  lateral  boimrJaries  perfectly  Byinmetrical,  and  as 
nearly  rectilinear  as  practicable »  and  having  found  definite  laws  connection 
the  distributiouB  of  sand  in  the  beds  of  the  model  estuaries  with  thf 
period  and  rise  of  the  tide  and  the  length  of  the  estuary,  beside  thft 
laws  cntniecting  the  period  of  the  tide  with  the  horizontal  and  vertifal 
scales  under  which  the  models  give  similar  results,  there  remained  tw<} 
questions :  I 

(1)  How  far  such  discrepancies  as  appear  between  the  general  distri- 
butions of  sand  found  in  the  models,  and  those  observed  in  actual  estuaiiea, 
are  attributable  to  irregularities  in  the  boundaries  of  the  latter  ? 

(2)  How  far  the  influance  of  these  boundaries  is  subject  to  the  same 
taws  of  similarity  as  those  already  obtained  I 

The  original  experiments  of  the  author  in  models  of  the  Mersey  which  let! 
to  the  appointment  of  the  Committee  (see  page  326)  had  to  a  great  extent 
answered  these  questions,  showing  that  similar  irregularities  in  the  lateral 
boundaries  exercise  similar  and  predominating  influences  on  the  lateral  dis- 
tributions of  the  sand  in  the  models  and  in  the  estuaries. 

It  seemed,  however,  desirable,  so  far  as  time  allowed,  to  confirm  these 
results  of  the  author's  and  make  this  investigation  complete  in  itself,  by 
carrying  out  experiments  in  both  models  similar  to  those  already  C4\rried 
out,  except  that  the  boundaries  should  be  boldly  irregular. 

Such  experiments  also  aflForded  opportunity  for  studying  some  general 
effects  of  great  importance.  The  relation  between  the  depths  of  water  and 
the  rise  of  tide  had  come  out  very  definite  in  the  symmetrical  expeiiments, 
and  it  was  desirable  to  see  how  far  these  relations  would  be  disturbed  by 
lateral  irregularities.  For  instance:  (1)  Would  bold  irregularities  in  the 
boundaries  of  the  estuary  alter  the  depth  of  water  in  the  river?  Bold 
irregularities  in  the  boundaries,  causing  the  water  to  take  a  sinuous  course, 
would  have  the  effect  of  virtually  narrowing  and  increasing  the  length  of  the 
estuary,  and  by  causing  eddies  would  obstruct  the  passage  of  the  water 
to  some  extent.     Lengthening  the  estuary  would  tend  to  increase  its  depth 
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at  corresponding  points,  and  obstructing  the  water  would  t^nd  to  diminish 
the  tidal  action  in  the  river ;  at  all  events,  until  the  estuary  had  increased  in 
depth. 

(2)  At  the  mouth  of  the  estuary  the  flow  of  water  had  so  far  been 
straight  up  and  down,  and  equal  all  across  the  estuary.  By  rendering  the 
mouth  unsymmetrical,  circulation  would  be  set  up  which  would  render  the 
up-currents  stronger  at  one  part  and  the  down-currents  stronger  at  another, 
an  effect  which  would  correspond  to  some  extent  to  that  of  tidal  currents 
across  the  mouth  of  the  estuary. 

(3)  The  large  tidal  sand  ripples  below  low  water  in  the  model  estuaries, 
with  the  flood  and  ebb  taking  the  same  course,  constitute  a  feature  which  it 
is  impossible  to  overlook,  yet  the  existence  of  corresponding  ripples  had  been 
entirely  overlooked  in  actual  estuaries,  until,  when  they  were  looked  for,  they 
were  found  to  exist,  having  been  first  seen  in  the  models.  The  reason  that 
they  were  overlooked  before  is,  no  doubt,  explained  by  the  fact  that  the 
bottom  is  not  visible  below  low  water  in  actual  estuaries ;  but  this  is  not  all. 
In  the  estuaries,  these  ripples,  where  found,  have  been  confined  to  the 
bottoms  and  sides  of  the  narrow  channels  between  high  sand-banks,  and 
they  do  not  occur  on  the  level  sands  below  low  water  towards  the  mouths 
of  estuaries  to  anything  like  the  same  extent  as  in  the  models.  By  rendering 
the  estuary  unsymmetrical  and  so  causing  the  ebb  and  flood  to  take  different 
courses,  this  effect,  as  explaining  the  greater  prevalence  of  ripples  with  sym- 
metrical estuaries,  would  be  tested. 

These  considerations  led  to  the  repetition  of  Experiment  V.  in  tank  F,  at 
first  with  a  single  groin  extending  from  the  right  bank  into  the  middle  of  the 
estuary  at  the  mouth,  and  subsequently  to  the  introduction  of  three  more 
groins  from  alteniate  sides  of  the  estuary  to  the  middle,  up  the  estuary,  and 
then  to  the  introduction  of  similar  groins  into  tank  E,  during  Experi- 
ment VII.,  with  spring  and  neap  tides. 

The  result  of  these  experiments  is  to  show  conclusively : 

(1)  That  the  laws  of  similarity  found  for  symmetrical  channels  toith 
uniform  tides  hold  with  sinuous  channels  for  uniform  w  varying  tides. 

(2)  That  the  greater  uniformity  of  the  depth  of  sand  on  cross  sections  of 
models  with  symmetrical  boundaries  than  with  actual  estuaries,  does  not  exist 
when  tlie  banks  are  equally  irregular, 

(3)  That  tlie  circulation  caused  by  the  unequal  flmv  of  the  tide  in  model 
estuaries  tends  greatly  to  take  the  sand  out,  and  that  the  natural  tendency  in  an 
estuary  to  scarp  the  boundaries  so  as  to  increase  its  sinuosities  tends  greatly  to 
the  deepening  of  the  channels. 


(4)  That  in  ih$  modeh  vntJi  io/(/%  uTe*juhir  htmndanes  the  tidal  r^fflm 
are  much  Uhm  Jj'eqfimtt  than  in  ilw  xpimisiricnt  mndtln,  Imng  confined  to  pkm 
where  iJiere  are  no  cross  currmi»i  tis  in  actiMil  estuunes. 

10,  Conehmmi  of  the  TnvesHf^aHmu — ^It  seeToa  that  the  objects  of  this 
investigation  have  now  boon  accomplished* 

The  investigation  of  the  action  of  tidea  on  tlie  befla  of  model  estuaries  has 
been  found  perfectly  practicable.  Two  tanksi  have  been  kept  run  Ding  night 
and  day  frtmi  June  22,  1889,  to  Augtist  1891»  and  have  each  accomplished 
upwai'tiH  of  1.200,000  tiden,  representing  the  experience  of  2,000  yeare. 
Sneh  difficultieB  as  pi-otecting  the  sand  from  cxtmnetms  disturbance  and 
keeping  it  free  from  fouling,  regulating  the  leveb  of  the  wat-er,  the  tidd 
periods,  the  riiie  of  tide,  forms  of  the  tide  curve  and  the  supply  of  land 
water,  observing  and  reconliiig  the  results,  have  all  been  fturiy  over0ime, 
though  none  of  the  precautions  taken  could  have  been  safely  dispensed  with. 

The  limits  to  the  conditions  under  which  the  resrdts  will  conform  t.o  the 
mmple  hyrlmkinetic  law  of  tsinularity  have  been  fairly  established:  while 
above  these  limits  the  applicability  of  the  simple  hydrokinetic  law  to  thest! 
experiments  has  bceu  abundantly  verified  in  models  varying  in  scsale  frtim 
six  inches  to  a  mile  to  an  inch  and  a  half  to  the  mile,  and  with  Tertical 
eieaggerationfi,  as  compared  with  a  30-foot  tide,  ranging  from  60  to  100. 

The  laws  of  the  flistribution  ivf  the  sand  in  a  title  way  under  circumstances 
of  progressing  complexity  have  been  determined,  and  have  been  verified, 
not  only  by  repetitions  of  the  same  experiment,  but  also  by  producing 
similar  distributions  under  diflFereut  circumstances,  which  circumstances, 
however,  conformed  to  the  laws  of  hydrokinetic  similarity.  Thus  the  distri- 
butions of  sand  in  simple  rectangular  estuaries,  V-shaped  estuarias,  and 
V-shaped  estuaries  with  a  long  tidal  river,  have  all  been  investigated  aud 
found  to  be  definite. 

Investigations  have  also  been  made,  with  definite  results,  of  the  separate 
eft'ects  of  land  water  in  moderate  quantities,  and  of  the  length  of  the  tidal 
river  on  the  depth  of  water  in  the  river  and  estuary,  and  of  the  effect  of  bold 
irregularities  in  the  configuration  of  the  lateral  boundaries  of  the  estuaries, 
also  of  training  walls  in  deep  water.  And,  lastly,  the  comparative  rates  and 
ultimate  action  of  uniform  tides,  and  tides  varying  from  spring  to  neap,  have 
been  determined. 

It  thus  appears  that  this  system  of  investigation  has  been  tested  over 
a  great  portion  of  the  ground  it  is  likely  to  cover,  and  that  most  of  the 
difficulties  that  arc  likely  to  occur  have  been  met,  and  the  necessary  pre- 
cautions found. 


k 
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It  would  seem,  therefore,  by  carefully  observing  these  precautions,  the 
method  may  now  be  applied  with  confidence  to  practical  problems. 

§  III. — The  Apparatus. 

11.  General  Working  of  the  Apparatus. — All  the  apparatus  has  worked 
well,  although  certain  repairs  have  been  rendered  necessary  by  wear ;  thus, 
the  motor  has  required  new  pins,  not  much,  considering  it  has  made  over 
200  million  revolutions.  The  knife  edges,  on  which  the  generator  of  the 
large  tank  rests,  which  are  of  cast-iron,  and  2  inches  long,  and  each  carry 
about  1,000  lb.,  were  found  to  have,  after  one  million  oscillations,  worn 
down  -^  of  an  inch,  until  they  had  become  so  locked  in  the  Vs  as  to  stop 
the  motor. 


12.  The  modifications  in  the  Tanks  have  this  year  been  confined  to  the 
introduction  of  training  walls  and  groins.  These  have  been  made  of  paper 
saturated  with  solid  paraffin  (which  gradually  became  warped  by  the 
pressure),  sheet  zinc,  and  sheet  lead  or  wood,  as  wtvs  most  convenient.  In 
the  last  experiment  the  large  tank  was  modified  by  taking  out  the  partition 
boards  and  stopping  the  opening  at  the  end  so  as  to  reproduce  the  original 
rectangular  tank  A. 
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18.  Oearinff  for  tits  Spring  and  Neap  Tides. — Thin  arrangement,  de- 
signed by  Mr  Grtien^shieklHj  accomplii^liecl  the  result  very  neatly  and  effect- 
uaily  with  a  raimmuin  of  new  appliances.  It  admits  of  any  degre**  of 
adjustment  in  the  raiio  of  maxiuinm  and  minimum  tideji^  and  works  emiy 
and  well.  ^m 

On  commencing  the  work  with  spring  and   neap  tides   it  wma  firaa^^ 

essential  to  have  an  indicator  of  the  phrtae  of  the  tide,  which  would  be  eui)j 
visible  withotit  having  to  examine  the  gearing.  For  this,  a  counter,  hariug 
twenty-nine  teeth  in  the  escapement  wheels  which  earned  a  long  finger  o?ef 
tfie  face,  was  constructed  by  Mr  Greenshields,  and  worked  well.  proviDg  j 
great  convenience. 


§  IV.— Debciuption  of  the  Experiments  on  the  Movement  of  Sajoj 
IN  A  Tideway,  paoM  Seitemiier  4,  1890.  to  August  1891.       ^M 

U.     Ej^iimmt  11 L,  Plan  1,  Tanks  E  and  F,  Fig.  4,  Page  507<— Theai? 

experiuieuts  weTO  intended  }is  a  repetition  of  Experiments  I.  C  and  D.  (Second 
ReiKirt^  p,  429).  which  were  only  continued  to  'iO^OOO  tides.  The  only  diffei^iice 
iti  the  conditions  being  that,  while  in  Experiment  I.  the  sand  wa^  initially  laid 
up  to  the  top  of  the  river.  Section  38,  in  Experiment  II L  the  aand  was  only 
laid  up  the  river  to  Section  13.  These  experiments  were  carried  on  during 
the  vncfitinn,  Mr  Foster  kindly  keeping  tht*  tanks  running  and  r*'Hdir>Gf  tKf- 
counters  daily.  In  this  way  47,000  tides  w^ere  run  in  tank  E,  and  60,000  in 
F,  when  the  surveys  for  Plan  1  were  taken. 

These  surveys  show  a  rather  more  advanced  state  than  is  shown  in 
Plan  2,  Experiment  I.,  but  they  present  exactly  the  same  characters. 
In  tank  E  the  sand  in  the  estuary  is  slightly  lower  in  the  longer  experiment 
than  in  the  shorter,  but  shows  the  same  distribution.  In  both  experiments 
in  tank  E  the  level  of  the  sand  at  the  mouth  of  the  river  is  that  of  mean 
tide,  and  in  both  experiments  the  level  of  the  sand  reaches  the  h.w.l.  in  the 
generator  at  Section  11,  or  18  miles  up  from  the  mouth,  and  in  both  the 
tide  continued  to  rise  to  the  top  of  the  river. 

In  tank  F,  also,  both  experiments  show  the  same  general  distribution  of 
sand  in  the  estuary  and  river.  In  the  estuary  the  phenomenon,  previously 
observed,  with  a  low  value  for  the  criterion,  namely,  the  large  ripple,  is  more 
pronounced  in  the  longer  experiment;  but  in  both  experiments  the  river  has 
become  barred  at  an  early  stage,  showing  that  the  conditions  in  F,  during 
the  formation  of  the  estuary,  have  been  below  those  essential  for  similarity. 

The  rise  of  tide  observed  at  the  end  of  the  Experiment  III.  in  both 
E  and  F  is  below  those  observed  at  the  earlier  stages.     In  tank  E  the  rise  of 
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tide  with  the  same  rise  in  the  gencmtor  has  fallen  to  0125  foot  at  47,000  tides, 
though  it  was  0140  foot  at  32,000;  and  in  F  it  was  0095  foot  at  66,000 
against  0096  foot  at  32,000.  This  phenomenon,  which  becomes  more 
pronounced  in  some  of  the  later  experiments,  is  accounted  for  by  the  im- 
proved tideway  as  the  experiment  gets  older,  allowing  the  estuary  to  empty 
itself  more  completely.  It  requires  notice,  since  it  renders  estimates,  such 
as  the  value  of  the  criterion  of  similarity,  based  upon  the  rise  of  tide, 
difficult.  The  same  quantity  of  water  passes  up  and  down  the  estuary, 
but  does  not  effect  the  same  rise  of  tide  at  the  generator,  which  falls  as  the 
experiment  gets  older,  while  the  rise  of  tide  up  the  estuary  increases  at  the 
same  time. 

15.  Experiments  an  Increased  Length  of  Tidal  Rive7\  ExpeHments  IV., 
E  and  F,  tvith  Land  Water,  Figs.  3,  5,  11,  pp.  506,  508,  514,  October  22  to 
November  17.  1890.— The  sand  laid  0-333  foot  in  E,  and  0187  in  F  from 
Section  13  up  the  river  to  Section  26  down  the  estuary.  Mean  rise  of  the 
tide,  0*310  in  E,  0*197  in  F.  Rise  of  the  generators  the  same  as  before, 
periods  3347  in  E,  2221  in  F. 

The  conditions  were  thus  the  same  as  in  Experiment  III.,  with  the 
exception  that  the  tidal  periods  were  reduced  in  the  ratio  1  to  V2.  As 
reduced  to  a  30-foot  tide,  this  would  have  the  etfect  of  increasing  the 
horizontal  scales  in  the  ratio  V2  to  1,  Thus,  while  in  Experiment  III. 
the  estuaries  from  generator  to  mouth  of  tidal  river  represented  about 
50  miles,  and  the  rivers  54  miles ;  in  Experiment  IV.  the  estuaries  were  70, 
and  the  rivers  76. 

With  the  same  tide  at  the  mouth,  the  elongation  of  the  estuary  would 
cause  the  tide  to  rise  higher  at  the  mouth  of  the  river,  but  ag  there  was 
only  the  same  quantity  of  water  from  the  generator,  the  tides  with  the 
longer  estuaries  were  smaller  at  the  generators,  which  would  again 
diminish  the  tides  at  the  mouths  of  the  rivers.  The  tides  observed  at 
the  mouths  of  the  rivers  were  somewhat  higher  than  in  Experiment  III. 
And  this  fact  must  be  allowed  for  in  considering  the  results  as  representing 
the  effect  of  increasing  the  lengths  of  the  rivers  on  the  distribution  of  sand. 

In  tank  E  the  effect  was  very  remarkable.  For  the  first  5,000  tides 
the  sand  rose  up  the  river  as  far  as  it  was  laid,  the  head  of  the  sand 
gradually  going  forward,  and  the  sand  falling  at  the  top  of  the  estuary 
and  in  the  mouth  of  the  river.  Somewhat  the  same  appearances  appeared 
in  tank  F,  though  it  soon  became  apparent  that  the  advance  of  the  head  of 
the  sand  was  much  slower  in  F,  and  also  the  lowering  of  the  sand  at  the  top 
of  the  estuary.  Sand  was  going  up  the  river,  but  it  accumulated  in  the 
lower  reaches. 
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In  E,  at  9,0(M)  tiflcs,  there  wan  ai)  almoHt  ^Huddeii  change;  the  t^ocl  \n  the 
river  waa  rapidly  canned  to  the  top,  leaving  the  lower  reaebaa  empty*  After 
11,000  tides  the  bottom  of  the  river  was  swept  clean  from  the  mouth  to 
Section  15  (p30  miles),  and  then  a  steady  duwnwiird  movement  of  the  sand 
went  uii,  all  d^wn  the  estuary »  until  there  was>  deep  water  all  the  way  down 
fnnn  10  miles  below  the  head  of  the  river.  The  ckiaring  of  the  boltiHi* 
of  iJk?  river  of  sand  evidently  increa^c^d  the  action  of  the  river,  iuci^isiji| 
graitly  the  riae  of  tide. 

In  tank  F  the  result  was  very  difforeiU ;  insteHd  of  the  saod  shiftiflg 
sutldenly  up  the  river,  the  sand  reiiched  St^ctioii  15,  and  then  barred  the 
river  at  Sectiou  11.  tbo  river  then  gradually  filling  up.  At  S*^,DO0  tide*, 
when  the  s^econd  survey  w*is  made,  the  tide  wss  still  riiiing  at  the  top  of  the 
river,  and  the  head  of  the  sand  still  proceeding  forwards.  The  exfieriment 
was  continued  to  81,000  tides,  and  the  he^id  of  the  sand  reached  Seetiiin  VJ, 
the  tide  still  rising  at  the  he^Kl  very  slightly.  This  shows  that  the  con^litioii'* 
of  similarity  were  mure  nearly  fulfilled  in  the  river  in  tank  F  in  this  eiperi- 
nient  than  in  II L  The  values  of  the  criterion,  however,  given  in  the  Uihh\ 
are  lower  in  IV.  than  in  III.  Thijs  is  beaiuse  thewe  values  are  eaieutat«(l 
from  the  rise  in  the  generators,  which  were  in  these  experinients  O'llO  in 
tank  E,  and  0^081  in  F,  against  0^25  and  0095  in  Experiments  IIL  With 
the  same  water  going  out  of  the  generator  there  must  have  been  higher  tidt^ 
at  the  mouths  of  the  rivers  in  IV,,  and  as  the  vertical  exaggeration  in  Expen* 
m[>HL  TV.  was  v^2  times  larger  than  in  I,  and  III.,  assuming  thf^  tiVm  nf  tide 
in  tanks  E  and  F,  Experiments  III.  and  IV.,  to  be  as  in  Experiments  L,  the 
values  of  the  criterion  in  Experiments  IV.  would  be  at  least  0*261  and  0103. 
This  is  in  accordance  with  the  observed  results. 

It  seems  therefore  that  in  order  to  apply  the  criterion  to  the  conditions 
of  similarity  at  the  top  of  a  long  estuary  with  a  tidal  river,  the  actual  rise  of 
the  tide  at  the  mouth  of  the  river  should  be  taken  in  estimating  the  value  of 
the  criterion  for  similarity  at  these  points.  It  appears,  however,  that  in 
every  case  where  the  criterion,  estimated  from  the  tides  in  the  generator, 
exceeded  the  value  '09,  the  conditions  of  similarity  have  been  fulfilled,  while 
in  no  case  has  it  fallen  decidedly  below  thLs  value  without  decided  symptoms 
of  dissimilarity  having  appeared,  so  that  this  value  for  the  criterion  seems  to 
be  established  as  a  good  working  rule  for  the  formation  of  an  estuary  from 
sand  at  the  level  of  half-tide. 

If  the  bottom  of  the  estuary  is  modelled  the  case  is  diflferent,  but  the 
occurrence  of  large  ripples,  in  experiments  in  tank  F  and  in  Experiment  V. 
in  tank  E,  when  the  value  of  the  criterion  fell  as  low  as  *08,  shows  that  the 
similarity  of  the  ripple  depends  on  the  same  value  of  the  criterion  as  the 
formation  of  the  estuary. 
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16.  Experiments  with  Limiting  Valns  of  Criterion, — Experiment  V.  vrith 
Land  Water,  Tank  E,  Figs.  6,  7,  and  12,  pp.  509...,  from  November  20  to 
December,  24,  1890. — The  conditions  of  this  experiment  were  designed  to 
bring  the  value  of  the  criterion,  estimated  from  the  rise  of  tide  in  the 
generator  in  the  final  condition  of  equilibrium,  to  009,  keeping  the  horizontal 
scale  as  nearly  as  possible  the  same  as  in  IV.,  and  diminishing  the  rise  of 
tide  80  as  to  increase  the  proportional  depth  of  sand  in  the  river,  and  thus 
prevent  the  bottom  being  swept  clean  when  the  final  condition  was  reached. 

The  length  of  the  crank  working  the  generator  in  IV.  had  been  4*437 
inches;  this  was  reduced  to  3*77  inches  in  V.,  reducing  the  rise  of  the  tide  in 
the  ratio  0*85.  To  keep  the  horizontal  scale  the  same  the  period  33*3  seconds 
was  increased  to  36  seconds,  leaving  the  product  p  VA  constiint. 

This  reduced  the  vertical  exaggeration  e  in  the  ratio  0*85.  Thus  the 
value  of  h^e  is  reduced  (0'85)*  or  0*52. 

Now  the  value  of  the  criterion  in  Experiment  IV.,  just  before  the  bottom 
was  swept  with  sand,  was  greater  than  0*18,  which,  multiplied  by  0*52,  gives 
0093. 

As  carried  out  at  the  final  condition  shown  in  Plan  3,  Page  510,  the  period 
was  3o'6  seconds,  the  rise  of  tide  0107,  and  the  value  of  the  criterion  00912. 

This  low  value  of  the  criterion  showed  itself  in  the  rate  of  progress  of 
the  experiment.  It  was  13,000  tides  before  the  sand  in  the  river  reached 
Section  19,  against  4,000  in  Experiment  IV.,  and  25,000  against  9,000  in  IV. 
before  reaching  the  head  of  the  river.  In  the  early  stage  of  the  experiment 
it  seemed  doubtful  whether  the  sand  was  going  to  bar  the  river  as  in 
Experiment  IV.,  tank  F.  Except  in  rate  of  action,  however,  the  motion 
of  the  sand  followed  the  same  coui-se  as  in  Experiment  IV.,  taking  a  sudden 
shift  at  about  20,000  tides,  and  then  rapidly  lowering  the  sand  at  the 
head  of  the  estuary.  At  the  rnouth  of  the  river  the  bottom  of  the  tank  was 
reached  after  50,000  tides,  but  only  between  the  ripple  bars,  so  that  it  was 
not  swept  clean. 

The  ripples  in  this  experiment  were  very  much  larger  than  anything 
before  in  tank  E,  showing  that  the  criterion  was  approaching  its  critical 
value. 

The  final  condition  of  the  estuary,  as  shown  in  Plan  3,  after  36,000  tides, 
shows  conclusively  the  effect  of  the  upper  tidal  water  in  a  long  river  on  the 
bed  of  the  lower  estuary.  Below  Section  19,  32  miles  from  the  top  of  the 
river,  there  is  no  sand  above  the  level  of  low  water  in  the  estuary,  and  from 
this  the  sand  falls  uniformly  to  the  mouth  of  the  river,  where  there  is  a 
depth  of  water,  at  low  tide,  of  30  feet.     In  the  head  of  the  estuary  there  is 
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a  bar  tht^  toi»  of  which  h  only  12  feet  below  low  watrjr  ;  this  Ls  at  SectioD  0, 
or  18  mik^a  below  the  mouth  of  the  rivor ;  below  this  point  the  sand 
gi^aduaUy  falls  to  the  genemtor. 

Conkpariiig  thia  with  tht!  results  in  Experimonts  I.  and  Ifl,,  where  the 
reduced  length  of  the  river  is  only  some  50  niilo^j  but  in  which  the  ri^  uf 
tide  at  the  mouth  of  the  river  was  somewhat  greater,  the  effect  of  the 
extra  20  mil  en  length  in  the  river  i«  8een  to  have  improved  the  geneial 
and  navigable  depth  of  the  river  and  estuary,  from  the  top  of  the  river  to 
a  distance  of  40  milea  down  the  estuary,  by  from  40  to  30  feet 

17*  7'he  effects  of  dredging  in  tlie  rive7\  Ej!^p€nm€ni  V.^  in  Tank  F.Jmn 
Novmiiher  ID  to  December  23,  1890,  Plan  3,  Page  510.  The  initial  conditiauii 
of  this  experiment  were  the  same  as  those  of  Experiment  IV,  in  tank  F. 
except  that  the  mean  level  of  the  tide  was  raised  to  0*016  above  thi*  initial 
level  of  the  sand,  and  the  period  was  incre^isod  from  22  to  23"3  secondit 
The  experiment  was  undertaken  with  the  inttmtiun  of  ascertainiug  (1) 
whether  raising  the  mean  level  of  the  tide  above  the  initial  level  of  the 
wand,  without  altering  the  rise  of  tide,  would  prevent  the  river  beconiing 
barred  J  and,  supposing  this  did  not  succeed,  (2)  to  ascertain  whether,  if 
the  bar,  which  had  hitherto  formed  in  the  river  during  the  early  stfiges  of 
the  experiments  in  tank  F,  were  kept  down  by  dredging  out  the  sand  as  it 
rose  above  the  initial  level,  the  later  stages  would  follow  the  same  course  as 
in  tank  E. 

The  results  were  remarkable,  and  bring  out  the  critical  character  of  the 
conditions  at  the  mouth  of  the  river. 

The  experiment  was  allowed  to  run  30,000  tides,  during  which  the 
progress  of  the  sand  was  much  more  rapid  than  in  IV.,  reaching  Section  19 
in  6,000  tides,  as  against  36,000  in  Experiment  IV.  and  13,000  in  Experiment 
V,  E.,  and  reaching  Section  23  in  16,000.  At  this  point  it  stuck,  and  the 
sand  accumulated  at  the  head  of  the  estuary  and  in  the  river,  which  became 
barred  at  Section  19,  on  reaching  30,000  tides. 

It  thus  appears  that  lowering  the  initial  level  of  the  sand  produced  an 
effect  on  the  first  action  very  nearly  equal  to  increasing  the  rise  of  tide 
by  double  the  amount,  but  that  as  the  sand  distributed  itself  this  effect 
passed  off. 

At  30,000  tides  the  bar  in  the  river  was  dredged  down  to  the  initial  level 
of  the  sand,  and  this  level  was  maintained  by  daily  dredging  till  70,000 
tides  had  been  run,  0*08  cubic  foot  of  sand  in  all  being  removed. 

At  this  stage  the  sand  in  the  river  suddenly  shifted  up  to  the  top  as  in 
Experiments  IV.  and  V.,  E.     The  sand  at  the  mouth  of  the  river  and  top  of 
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the  estuary  falling  until  the  bottom  appeared,  dredging  was  discontinued. 
At  95,000  tides  the  final  condition  had  been  reached,  which  was  almost 
identical  over  the  whole  estuary  with  that  of  Experiment  V.  E  after  60,000 
tides,  as  shown  in  Plan  3,  Experiment  V.,  E  and  F. 

The  instability  of  the  condition  which  may  prevail  at  the  mouth  of  a 
river  is  thus  clearly  shown,  as  well  as  the  useful  effect  of  improving  the 
tideway  by  dredging  in  the  upper  reaches  in  the  river.  In  three  experi- 
ments in  tank  F,  I.,  III.,  and  IV.,  the  river  became  completely  barred,  and 
the  estuary  became  a  bay  with  a  stream  of  land  water  entering  at  its 
top;  in  Experiment  V.  the  bar  again  formed,  but  on  being  kept  down, 
by  dredging,  to  the  level  of  half-tide,  till  the  sand  had  fallen  at  the  head 
of  the  estuary,  the  river  at  length  prevailed,  and  the  sand  was  washed  out 
till  there  was  30  feet  of  water  at  low  tide. 

The  time  occupied  and  amount  of  sand  removed,  in  producing  this  effect, 
were  considerable.  The  tidal  capacity  of  the  river  and  estuary  is  1  cubic 
foot;  this  reduced  to  a  30-foot  tide  is  21,700  million  cubic  yards,  or  on 
a  15-foot  tide  is  5,422  million.  The  amount  of  dredging,  008  cubic  foot  in 
all,  represents  1,743  million  cubic  yards  on  a  30- foot  tide,  or  437  millions  on 
a  15-foot  tide.  This  was  distributed  over  40,000  tides,  or  sixty  years,  so 
that  even  with  the  15-foot  tide  it  would  represent  7  million  cubic  yards  a 
year. 

After  the  dredging  the  rise  of  tide  fell  from  '081  to  '073  foot,  which 
would  result  from  the  lowering  of  the  sand  which  was  above  low  water. 

18.  Experiments  with  Training  Walls.  Experiment  V.  {continued)  with 
Training  Walls,  Tanks  E  and  F,  from  January  7  to  February  20,  1891, 
Plan  4,  Page  516. — Having  arrived  at  similar  final  conditions  of  equilibrium 
in  tanks  E  and  F,  in  which  the  sand  was  entirely  below  low  water  from 
Section  19  up  the  rivers  (32  miles  from  the  top  of  the  river)  to  the 
generators,  and  in  which  there  were  bars  in  the  estuary  below  the  mouths 
of  the  rivers,  reducing  the  depth  of  water  at  low  tide  from  28  feet  in  the 
river  to  a  minimum  of  12  on  the  top  of  the  bars,  it  seemed  an  opportunity 
not  to  be  lost  for  testing  the  similarity  of  the  efiect  in  the  two  tanks  of 
prolonging  the  rivers  by  training  walls  through  the  bars. 

With  this  view,  walls  of  thick  paper  saturated  with  paraffin,  pushed 
vertically  into  the  sand  and  extending  up  to  low  water,  were  run  out  from 
the  end  of  the  river,  preserving  the  same  divergence  as  the  walls  of  the 
river  to  Section  22,  or  40  miles  on  a  30-foot  tide,  the  tanks  being  stopped 
for  the  purpose. 

These  walls  produced  no  apparent  effect  whatever  on  the  depth  of  sand 
between  the  walls,  during  20,000  or  30,000  tides.    They  were  then  replaced 
o.  R.   II.  32 
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at  the  upper  cnil  by  walis  of  sheet  %me  ex  tending  to  half*tide,  whiah  did 
pYinhitiii  an  apparent  etfeet,  in&Hiiuieh  as  the  sand  accimHilated  outsiidv  the 
walls,  forming  an  apimrcnt  clianriel  within ;  also  the  saod  rose  iP  the  river, 
di>i!ig  awaj  with  the  appiamnce  of  a  bar.  These  effectn  were  mtniluT  in 
both  models  after  40,000  tides  hail  Wen  run, 

Thu  old  walls  were  mmoved  in  batli  tanks  and  replaced  by  wolb  i^mi- 
mencing  at  J  tidtt  at  the  mouths  of  the  rivers,  antl  falling  during  the  fintt  4 
or  6  miles  to  h*ilf-tide,  at  whieh  they  were  continued  to  Section  22. 

In  tank  E  tho  walls  werts  advanced  gmdiially  fn>ni  the  mouth  of  the  riv*r 
at  a  mte  of  about  half  a  inile  in  700  tides  (a  year).  The  result  of  this  k 
ahown  in  Plan  4,  Page  5U),  tank  E,  There  is  no  improvement  in  the  navig^ 
abli5  ilepth  of  the  river. 

In  tank  F  the  walls  were  put  in  and  then  the  tops  of  the  ripple 
w*5re  daily  di^dged  off  between  the  walls.  This  was  continued  for  lOlMMH) 
tidita.  dnriiig  which  b  per  «*ent,  uf  the  tidal  capacity  was  ren>oved,  or  about 
1,000  tniUion  cubic  yards  on  a  BO-foot  tide,  or  250  millions  on  a  15-foot  tid*.*, 
which  repreneuts  7  millions  annually  on  the  30-foot  tide,  or  1*8  niilliouii  m  a 
15-luot  tide.  The  eft'ect,  aa  shown  in  Plan  4,  tank  F,  Page  516,  is  to 
some  20  leet  to  the  depth  on  a  I^O-fbot  tide,  or  10  feet  on  a  15-foot  tide- 

The  silting  up  behind  the  walls  is  the  same   as   in   tank    E,  and 
detriment  to  the  navigable  depth  of  the  river  is  also  similar. 


Killt 

;)d(^ 
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19.  Experuneiit  F.  (continued)  with  Tide  deviating  from  the  Simple 
Harmonic  in  Tank  E,  February  28  to  March  12,  1891.  This  was  meant  as  a 
preliminary  experiment.  The  balance  of  the  generator  was  altered  to  give 
a  rise  of  tide  in  17  seconds  and  a  fall  in  20.  The  experiment  was  run  for 
about  40,000  tides,  and  a  survey  taken,  which  showed  little  or  no  effect. 
On  carefully  examining  the  tide  curves  it  was  found  that  they  showed  ver}' 
little  inequality  in  the  rise  and  fall.  On  attempting  to  increase  this  by 
further  altering  the  balance,  it  was  found  that  this  could  not  be  done.  To 
continue  this  part  of  the  investigation  it  would  have  been  necessary  to 
introduce  complex  gearing.  Time  did  not  suffice  for  this,  and  the  study  was 
not  carried  further. 

20.  Experiments  with  Tides  varying  from  Spring  to  Neap,  Tank  E,  V., 
F/.,  VII.,  VIIL,  Tank  A,  XIII,  Figs.  11,  12,  13,  15,  pp.  514...,  March  20 
to  August  1891. — The  gearing  for  tank  E  having  been  modified  so  as  to  cause 
a  rise  in  the  generator,  varying  to  over  an  interval  of  29  tides,  the  variation 
being  harmonic  and  adjustable,  so  as  to  admit  of  any  relation  between  the 
maximum  and  minimum  rise. 


These  were  adjusted  so  that  the  mean  rise  was  the  same  as  the  rise 
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Experiment  V.,  the  spring  and  neap  rises  being  in  the  ratio  3  to  2.  A  drain 
with  an  adjustable  orifice  was  put  in  the  bottom  of  the  tank  to  drain  off 
nearly  all  the  fresh  water,  and  the  scummer  adjusted  so  as  to  draw  off  the 
excess  of  land  water  at  low  spring  tide  level ;  this  being  adjusted  by  trial 
until,  when  running,  the  mean  tide  level  was  the  same  as  before. 

Experiment  V.  was  then  restarted,  without  the  sand  having  been  dis- 
turbed, to  afford  a  preliminary  trial  of  the  apparattts,  the  period  being  that 
of  Experiment  V.,  36  seconds.  This  was  continued  18,000  tides,  till  the 
apparatus  was  completely  in  hand ;  then  the  sand  was  relaid  for  Experiment 
VI.,  Fig.  11,  Page  514,  in  which  the  conditions  were  the  same  as  V.,  except 
the  tide.  The  mean  rise  in  the  generator  was  the  same  in  VI.  as  in  V.,  and 
the  ratio  of  the  spring  and  neaps  8  to  2.  This  brought  the  rise  in  the 
generator  at  spring  tides  in  VI.  greater  than  that  in  Experiment  IV.,  in  the 
ratio  of  1*1  to  1.  The  action  on  the  sand  was  much  more  rapid  than  in 
Experiment  V.  with  the  uniform  tide,  being  nearly  as  quick  as  in  IV.  The 
sand  reaching  the  top  of  the  river  in  13,000  tides,  as  against  10,000  in  IV. 
and  25,000  in  V.,  and  the  bottom  of  the  river  being  swept  as  clean  in  17,000 
tides  in  VI.,  as  in  14,000  in  IV.  In  other  respects  the  action  in  VI.  very 
closely  resembled  that  in  IV.  The  rate  of  action  was  a  little  slower,  but 
the  action  itself  seemed  rather  stronger,  as  corresponding  to  a  higher  tide. 
Surveys  were  taken  at  20,000  and  34,000  tides.  The  experiment  was  then 
stopped,  in  order  to  make  the  conditions  comparable  with  those  of  Experi- 
ment v.;  it  being  quite  clear  that  the  action  of  spring  and  neap  tides, 
having  a  mean  rise  equal  to  that  of  a  uniform  tide,  was  not  only  much 
more  rapid,  but  led  to  a  different  state  of  final  equilibrium. 

Experiment  VII.,  Plan  1,  Page  515.  In  this  the  tide  was  adjusted  until 
the  rise  of  the  generator  at  spring  tide  was  the  same  as  that  for  the  uniform 
tide  in  V.,  the  other  conditions  being  all  the  same. 

The  character  of  the  action  now  became  identical  with  what  it  had  been 
in  Experiment  V.,  but  the  rate  was  decidedly  slower.  Thus  the  sand  moving 
up  the  river  reaches : 

Section  19  after  13,000  in  V.  and  39,000  in  VI. 

27  after  20,000       „        „      51,000  in  VI. 

The  survey  taken  after 

18,000  tides  in  Experiment  V.,  Tank  E,  and 

51,000  „  „  VII.,     „ 

are  almost  identical,  the  latter  being  a  little  the  forwardest. 

It  thus  appears  that  spring  and  neap  tides,  having  a  ratio  3  to  2,  produce 
the  same  result  as  two-fifths  the  same  number  of  tides  all  springs. 

32—2 
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80  far  iRUther  i>r  thma  estuarios  hM\  reached  the  couditioo  of  fiaal  e<iiii- 
libriuiii,  but  thtt  Himilarity  that  the  Plans  1,  Experirnents  V.  and  VIL  preieut, 
seonied  ^uflReiimt  assurance  that  this  wuuld  be  the  same. 

It  was  inttintieJ  to  repeat  Experiment  V.^  tjink  A,  as  scm^h  as  the  Unk 
had  been  re-fornKHl  to  its  rectangular  shape ;  in  the  meantime  groim  wen? 
introduced  in  Uiuk  E  similar  to  those  which  had  been  ufted  in  Experimtiil. 
VL  F,  and  Experiment  VIL  E  was  continued,  to  aseertain  bow  far  mt&ihr 
effects  would  be  produced  by  varying  and  umform  tidea  in  efituaries  wili 
aimikr  but  boldly  irregular  outlines. 
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Experiment  VIL  E,  Plan  2,  Page  517  was?  continued  with  groins  td 
123  000  tide.4.  Similar  groins  had  attected  the  condition  of  the  ^nd  m 
the  estuary  and  river  in  Experiment  VL,  tank  F»  m  that  further  comparacm 
between  Experiments  VIL  and  V.  cannot  be  made.  ^^H 

Ed'perimevt  XUf,,  Tajik  A,  rectmit^uhir  imtlumt  land-HHUev,  spriuff  and 
ueap  tides,  Plan  :i,  /Vr/e  oV2,  from  Juh/  10  tt*  AmfuH  10,  189 L— In  this 
oKpcriment  ttie  rates  i»f  >*pring  and  neap  tiib's  sftn*  t\  to  2,  and  the  rij^e  of 
tide  at  spring  tides  was  (M7G,  the  same  »ls  in  ExjM^rhnent  V,,  tank  A,  The  ■ 
t^iuk  Wiis  rt'dueed  to  its  original  reetangtdar  form  (lli*|wirt  L),  namely,  -I  fi*i't 
}>road,  and  VI  feet  from  the  generators*  to  the  top.  The  snnd  wiu«  laid  ?is 
in  Experiment  V.,  taink  A.  at  a  depth  of  t  in.  from  Section  18  to  the  top  nf 
the  tank,  and  the  mean  tide  was  adjusted  in  Experiment  V*,  tank  A.  The 
period  wria  nO  «<f*ikniN,  n<  in  tutik  A.  Thus  the  contlitions  of  ExperimeTit 
XIII.  and  v.,  tank  A,  were  precisely  the  same,  with  the  exception  that 
while  the  tides  in  Experiment  V.  were  all  springs,  those  in  Experiment 
XIII.  varied  from  springs  to  neap;  the  object  of  Experiment  XIII.  being 
to  compare  the  rate  of  action  and  final  condition  of  equilibrium  with  varying 
tides,  with  the  very  definite  results,  jis  to  the  slopes  of  the  sand,  obti\ined 
in  the  rectangular  tanks,  and  recorded  in  Report  I.,  B.  A.  Report,  1889  (see 
page  380). 

These  results  are  shown  in  the  plans  on  page  510.  The  period  in 
Experiment  XIII.,  tank  A,  being  shorter  than  in  V.  The  iictual  slope  is 
greater,  but  the  slopes  reduced  to  a  30-foot  tide  agree. 

21.  Eapermients  on  Estuaries  not  SymmetHcal.  Expeinment  VL,  in 
Tank  F,  with  large  groins,  Flans  1  and  4,  Pages  517,  518, /rom  April  8  to 
June  16,  1891. — This  experiment  was  started  under  conditions  in  all  respects 
similar  to  those  in  Experiment  V.,  tank  ¥,  with  the  exception  of  a  vertical 
groin  extending  from  the  right  bank  to  the  middle  of  the  estuary,  with 
an  inclination  of  45°  towards  the  generator,  and  rising  from  the  bottom  of 
the  tank  above  high  water.  This  groin,  which  appears  in  the  charts  to 
represent  an  artificial  structure,  is,  in  fact,  out  of  all  proportion  to  anything 
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of  that  kind  which  has  yet  been  attempted.  As  reduced  to  a  30-foot  tide, 
it  is  11  miles  long,  100  feet  high  up  to  h.w.l  ,  and  half  a  mile  broad.  Thus 
it  corresponds  rather  to  such  a  natural  feature  as  Spurn  Head,  at  the  mouth 
of  the  H umber,  than  to  a  breakwater  such  as  that  at  Harwich. 

In  starting  the  experiment,  the  end  of  the  sand  at  Section  26  was  20 
miles  above  the  point  of  the  groin  at  Section  36.  The  groin  had  deep 
water  on  both  sides  of  it,  so  that  its  only  effect  was  to  dettect  the  flood  on 
to  the  left  bank  of  the  estuary. 

This  efiect  was  very  decided,  the  strength  of  the  flood  on  the  right 
carrying  the  sand  up  the  estuary  in  spite  of  the  effect  of  the  ebb  to  bring 
it  down.  But  this  in  itself  was  not  so  much ;  it  was  the  large  eddy  caused 
by  the  groin  which  produced  the  greatest  effect.  The  water  entering  on 
the  left  of  the  estuary  crossed  over  to  the  right,  and  returned  along  the 
right  bank.  In  other  words,  during  flood  the  right  side  of  the  estuary 
for  30  miles  from  the  generator  was  in  back  water.  This  back  water  also 
gave  the  ebb  a  start  down  the  right  bank  which  rendered  the  ebb  stronger 
on  this  side. 

The  sand  came  down  rapidly  on  the  right  side,  and  besides  was  carried 
over  from  the  left  to  the  right,  and  formed  a  bank  along  the  right  middle 
of  the  estuary,  reaching  the  generator  after  a  very  few  tides.  Round  this 
bank  the  water  circulated,  carrying  the  sand  with  it  up  on  the  left  and  down 
on  the  right,  the  bank  growing  all  the  time.  The  ripple  round  this  bank 
was  very  striking,  arranged  with  the  ripple  heads  all  down  on  the  right  side 
and  up  on  the  left.  After  about  3,000  tides  the  sand  began  to  pass  from  the 
point  of  this  bar  in  a  fine  stream  across  the  open  channel,  dividing  this  point 
from  the  point  of  the  groin,  and  commenced  the  formation  of  a  bank  in 
the  generator  corresponding  to  that  in  the  tank.  This  bank  had  to  be 
removed  from  the  generator,  and  after  6,000  tides  4  lbs.  of  sand  were  so 
removed.  In  Experiment  V.  the  first  sand  removed  from  the  generator  was 
after  120,000  tides  had  been  run. 

The  sand  also  went  more  rapidly  up  the  river  in  Experiment  VI.  than  in 
Experiment  V.  But  this  was  accounted  for  by  dredging  in  the  river  having 
begun  much  earlier,  after  20,000  tides  as  against  30,000. 

In  all  8  lbs.  of  sand  were  removed  from  the  river  in  Experiment  VI., 
against  10  lbs.  in  V.,  or  about  0004  of  the  tidal  capacity  in  VI.  against  0 08 
in  V.  In  both  cases  the  dredging  stopped  when  the  sand  began  to  shift  up 
the  river  after  70,000  tides. 

At  100,000  tides  a  condition  of  final  equilibrium  had  been  arrived  at. 
The  sand  in  the  river  was  just  the  same  as  in  V.,  Plan  3,  Experiments  V. 
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and  VL  in  tank  F»  Thcro  is  deep  water  in  VL  up  to  Section  21,  30  milm 
from  the  generator,  the  levels  of  the  stiud  being  much  the  ^laoie  from  this 
point  up  aa  in  V. 

A  similar  groin  was  then  introduced  at  Section  16,  extendi og  fivjiD  the 
left  bank  to  the  middle  of  the  estuary.  This  groin  was  4 J  miles  long  and 
lUO  feet  high  to  H.w.u,  and  50,000  more  tides  were  run,  the  river  all  the 
time  slightly  improviug.  ThufS  having  brought  deep  water  up  to  Seetiou  H, 
or  about  44?  luilein  from  the  generator,  a  groin  extending  from  thts  right  bank 
to  ni  id -channel  at  Section  8,  about  2'5  mile^s  loug  and  70  feet  high,  and 
another  from  the  left  bank  to  mid-channel  at  Section  5,  2  miles  long  and 
70  feet  high,  were  put  in. 

The  fii'st  effect  of  these  groins  was  to  raise  the  sand  slightly  in  the  mouth 
of  the  river;  but  this  improved  again,  and  after  50,000  more  tides  there  was 
deep  water  extending  from  the  mouth  of  the  river  to  the  geneiTitor,  and  the 
river  was  better  tban  iu  Experiment  V,  with  the  training  walls,  though  not 
quite  so  good  as  before  these  were  put  in. 

In  the  meantime  the  banks  had  risen  in  the  estuary  below  the  groins, 
extending  down  from  nearly  ILWX.  to  the  point  of  the  next  groin,  where 
there  was  a  pass  with  water  nearly  to  the  bottom  of  the  tank. 

The  sand  caiTied  down  into  the  generator  during  the  experiment 
amounted  to  69  lbs.,  or  57  per  cent,  of  the  tidal  capacity.  In  Ex  peri  ii  ion  t  V, 
24  lbs.  were  removed  in  like  manner,  or  20  per  cent,  of  the  tidal  capacity. 
37  per  cent,  of  the  tidal  capacity  on  a  30-foot  tide  would  represent  a  mean 
increase  of  depth  over  the  entire  estuary  of  11  feet ;  and  as  the  increase  was 
by  no  means  over  the  whole  estuary,  the  increase  in  the  channels  and  lower 
estuary  was  much  more  than  this,  and  although  by  this  time  the  sand  in  the 
estuary  had  for  the  most  part  become  quite  yellow,  sand  Avas  still  being 
carried  down  into  the  generator. 

In  the  meantime,  as  already  stated,  groins  similar  to  those  in  Experi- 
ment VI.  in  tank  F,  had  been  introduced  into  experiment  VII.  in  tank  E, 
after  64,000  tides  had  been  run  with  spring  and  neap  tides.  60,000  more 
tides,  which  would  be  equivalent  to  about  27,000  spring  tides,  w^ere  run, 
the  effect  being  that,  notwithstanding  the  difference  in  the  initial  condi- 
tions, the  state  of  the  lower  estuary  was  closely  approximating  to  the 
state  of  VI.  in  F  after  36,000  tides  (Plan  2,  Experiment  VII.,  tank  E; 
VI.,  tank  F). 

In  the  upper  estuary  in  VII.,  tank  E,  the  distribution  of  the  sand  is 
precisely  similar  to  that  in  VI.,  tank  F,  but  there  is  rather  more  of  it, 
which  is  explained  partly  by  the  fact  of  the  difference  in  the  equivalent 
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tides  run,  30,000  in  E  as  against  50,000  in  F,  after  the  upper  groins  were 
put  in,  and  partly  by  the  much  gi*eater  amount  of  sand  still  left  in  the  lower 
estuary  in  tank  E.  Had  it  been  possible  to  run  250,000  more  spring  and 
neap  tides  in  VII.,  tank  E,  there  is  every  reason  to  suppose  that  the  final 
condition  would  have  been  precisely  similar  to  that  obtained  in  Experiment 
VI.  in  tank  F. 
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UND  Results  of  Experiments. 


Rise  of 

tide  in 

feet 

VerUcal 
exaggera- 
tion on 
a  30-feet 
tide  e 

Criterion  of 
similarity 

Height 

of  initial 

sand  in 

feet 

0-333 

Height 

of  mean 

tide  in 

feet 

0-322 

Excess 
of  mean 
tide  over 
iuitial 
sand  in 
feet  d 

Number 

of  tides 

from  the 

start 

Remarks 

e^h^i 

0125 

62-00 

Olil 

- — 

— 

47,183 

Normal. 

0"09o 

81-84 

u-oio 

01)70 

0187 

0-187 

— 

66,369 

River  blocked. 

0125 

85-63 

0-167 

— 

0-333 

0-310 

— 

18,530 

River  cleaned. 

0-082 

104-57 

0-057 

- 

0-187 

0-182 

0-005 

21,135 

River  blocking. 

0-110 

80-98 

0-108 

— 

0-333 

0-308 

— 

37,755 

River  cleaned. 

0-081 

104-73 

0-056 

— 

0-187 

0179 

0-008 

38,719 

J  River  nearly 
1     blocked. 

0122 

79-53 

0-144 

— 

0-333 

0-336 

— 

17,923 

Slow. 

0-080 

96-82 

0-049 

— 

0-187 

0-203 

0-016 

19,416 

Quicker. 

0117 

77-88 

0-124 

— 

0-333 

0-321 

— 

37,359 

River  cleaned. 

0-080 

98-32 

0-050 

0-165 

0-187 

0-203 

0016 

37,181 

^Blocking — 
\  Dredged. 

0-107 

74-48 

0-091 

— 

0-333 

0-320 

— 

65,404 

River  clear. 

0-072 

93-49 

0-035 

— 

0-187 

0-207 

0-020 

95,558 

River  clear. 

0-109 
0-069 

75-18 
91-32 

0097 
0-030 

— 

0-333 

0-187 

0-306 
0-204 

0-017 

167,186 
255,200 

Similar. 

0103 

73-08 

0-080 

— 

0-333 

0-335 

-- 

208,264 

Failure. 

0128 

81-47 

0-170 

— 

0-333 

0-328 

— 

226,930 

Preliminary. 

0139 

84-46 

0-2268 

— 

0-333 

0-325 

— 

20,822 

Quick. 

0119 

79-33 

0-1336 

— 

0-333 

0-317 

- 

34,394 

River  clear. 

0123 

81-00 

0-1507 

- 

0-333 

0-333 

— 

51,591 

Normal. 

0110 

76-60 

0-1017 

0-333 

0-332 

— 

101,790 

— 

— 

— 

— 

— 

— 

— 

122,989 

- 

0-069 

91-01 

0-0299 

— 

0-187 

0192 

0-(X)5 

18,972 

- 

0-073 

93-60 

0-0360 

— 

0187 

0193 

0-006 

36,511 

— 

1 

;    0-068 

93-33 

0-0284 

— 

0187 

0-193 

0-006 

99,558 

~ 

0-070 

91-66 

0-a314 

— 

0-187 

0-192 

0-005 

196,651 

— 

0165 

0-176 

1 

68-54 
6916 

0-3084 
0-3769 

: 

0-250 
0-250 

: 

— 

51,240 
16,282 

-  Similar. 
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60. 

ON   TWO   HARMONIC  ANALYZERS. 

[From  the  Fourth  Volume  of  the  Fourth  Series  of  "  Memoirs  and  Proceedings 
of  the  Manchester  Literary  and  Philosophical  Society."   Session  1890 — 91.] 

(Received  April  2nd,  189L) 

The  object  of  these  instruments  is  to  afford  a  ready  means  of  ascertaining 
the  periods  of  free  vibration  of  structures  or  membei-s  of  sti-uctures.  If  any 
portion  of  a  material  structure  (i.e.,  an  elastic  structure)  is  disturbed  from 
its  normal  position  of  equilibrium  and  suddenly  released,  the  structure  is 
thrown  into  a  complex  state  of  vibration,  which  gradually  subsides.  While 
the  vibration  lasts  each  point  in  the  structure  goes  through  movements 
which  may  be  very  complex,  but  which  are,  nevertheless,  compounded  of 
simple  periodic  or  harmonic  movements,  each  simple  movement  taking  place 
in  a  definite  direction,  as  well  as  having  a  definite  period. 

The  art  of  measuring  and  recording  the  complex  movements  at  a  point 
of  the  earth  during  an  earthquake  has  long  been  a  study,  and  the  seismometer 
of  Professor  Ewing  has  been  applied  to  record  the  movements  of  points  of 
various  structures  when  subjected  to  disturbances.  The  principle  of  these 
seismometers  consists  in  attaching  a  weight  to  the  point  of  the  structure  to 
be  examined,  by  attachments  of  such  slight  elasticity,  that  the  disturbances 
communicated  to  the  weight  are  insensibly  small,  and  the  weight  remains 
sensibly  steady  amid  the  surrounding  vibrations,  and  forms  a  steady  observa- 
tory from  which  the  vibrations  may  be  measured.  This  measurement  is 
effected  by  causing  pencils  vibrating  with  the  structure  to  describe  lines  on 
cards  attached  to  the  steady  weight,  or  vice  versa,  the  cards  being  fixed,  or 
having  a  time  movement.  In  this  way  the  complex  motions  of  the  points 
are  beautifully  recorded,  as  in  Prof  Ewing's  experiments  on  the  Tay  Bridge, 
and  Prof.  J.  Milne's  numerous  experiments  in  railway  carriages,  &c. 

Such  curves  represent  the  complex  movements  of  the  point  of  the 
structure  examined ;  and  any  analysis  of  the  motion  into  its  simple  periodic 
components  remains  to  be  accomplished  by  mathematical  reduction — or  by 


I 


instnirnenial  synthesis  as 
Thomson 't*  "■  Harmuuic  Aiialjxer/' 

The  Harmonic  Aualyzers  about  to  be  described  diflFer  e^ssentialljr  from 
the  seismometer  in  that  they  do  not  nieaiium  or  record  the  actual  motions  of 
the  st  met  I  ire,  whiki  they  single  tmi  and  tixaggenifce  any  component  perioclic 
motion  acconling  to  its  period  ami  direction,  which  are  defined  in  (he  instru- 
ments. The  principle  of  these  HaiMUonic  Analyzers  is  that  of  the  aocuoju- 
lation  of  motion  which  take??  plai'e,  when  a  weight  is  eubject  to  a  p^odic 
disturbance  which  coincides  in  pitriod  and  direction  with  that  of  free  ribra^ 
tiou  of  which  the  weight  is  susceptible. 

If  a  small  weight  uf  be  elastically  attached  to  a  much  heavier  weight  so 
thafc  it  requires  a  deKnite  force  (^Y)  to  disturb  the  weight  («r)  through  a 
distance  l^  the  large  weight  remaining  at  rest;  then,  if  released  after  aay 
disturbatice,  the  aniall  weight  w  will  vibiute  in  the  direction  uf  disturbance, 
and  with  a  constant  period  of: 

Stt  a/ -^  seconds, 

.|^,  in  the  period  of  free  vibrafiun  of  the  small  weight. 

If  the   small   weight   be  at  re^t   and    the   large   weight  be  subject 
periodic  distarbanet^  having  a  period    Ijn ;   then,  if  this  pericHl    js    larger 
than  the  period  of  fireo  vibratioa  of  the  small  weight,  ie.,  if  ^ 

-  is  smaller  than  27r  a  /    ri  > 
n  V  gE 

the  small  weight  will  follow  essentially  the  movements  of  the  larger  weight 
as  if  rigidly  attached,  while  if  the  period  of  motion  of  the  larger  weight  is 
smaller  than  that  of  the  period  of  free  vibration  of  the  small  weight,  the 
small  weight  will  remain  virtually  at  rest.  But  when  the  period  of  motion 
of  the  large  weight  coincides  with  the  period  of  free  vibration  of  the  small 
weight,  the  small  weight  will  take  and  accumulate  the  disturbance,  oscillat- 
ing with  increasing  amplitude  until  it  reaches  such  an  extent  that  the 
energy  dissipated  is  equal  to  that  received  from  the  disturbance.  If  the 
elasticity  of  the  connections  be  fairly  perfect,  the  amplitude  of  the  small 
weight  will  be  very  considerable,  although  the  disturbing  motion  is  otherwise 
insensible. 

If  the  small   weight  (w)  has  only  one  degree  of  freedom,   i.e.,  if  the 

elasticity  of  the  connections  is  not  equal  in  all  directions,  there  will  be  three 

axes  of  elasticity,  and  if  the  elasticities  along  two  of  these  directions  are 

^      much  greater  than  the  third  this  is  the  direction  of  freedom ;  then,  when  the 

■k   period  of  free  vibration  along  the  third  axis,  i.e.,  in  the  direction  of  freedom, 

^^KDoincides  with  the  period  of  disturbance,  the  small  weight  will  only  take  up 

I 
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the  disturbance  when  this  has  a  component  in  the  direction  of  freedom ; 
that  is,  if  the  direction  of  the  disturbance  is  at  right  angles  to  the  direction 
of  freedom,  there  will  be  no  vibration.  So  that  in  this  way  the  direction  of 
the  disturbance  may  be  ascertained,  or  vice  versa, 

Siniilar  results  follow  if,  instead  of  the  disturbance  coming  through  the 
elastic  supports,  the  body  be  subject  to  a  synchronous  periodic  force.  If  the 
period  of  the  force  were  not  synchronous  with  any  of  the  three  periods  of 
free  vibration  corresponding  respectively  to  the  three  axes  of  elasticity,  the 
resulting  vibration  would,  as  before,  merely  correspond  with  the  time  effect 
of  the  force,  but  on  coincidences  with  any  one  of  these,  unless  the  direction 
of  the  disturbance  were  at  right  angles  to  that  of  the  axis  of  elasticity,  the 
body  would  accumulate  the  disturbance. 

It  thus  appears  that,  if  a  structure  is  in  a  state  of  vibration,  the  periods 
of  free  vibration  and  their  directions  may  be  ascertained  by  an  Harmonic 
Analyzer  consisting  of  a  small  weight  with  elastic  attachments,  so  adjustable 
that  the  period  of  free  vibration  of  the  weight  can  be  varied  to  any  required 
extent,  and  the  direction  of  such  free  vibration  turned  through  all  requisite 
angles. 

This  may  be  accomplished  in  many  ways.  That  which  I  have  so  far 
adopted  with  satisfactory  success  has  been  very  simple. 


Fig.  1. 

It  consists,  as  shown  in  Fig.  1,  essentially  of  a  base  formed  of  a  bar  of 
hard  wood,  one-and-a-half  inches  square,  and  two  feet  long,  a  cross  notch 
being  cut  in  one  end  to  enable  this  end  to  be  held  against  any  point  of  the 
structure  with  less  chance  of  slipping.  About  four  inches  from  the  notched 
end,  right  across  the  axis  of  this  bar,  is  a  hole,  in  which  is  fitted,  with 
moderate  tightness,  a  piece  of  straight  steel  wire,  one-eighth  of  an  inch  in 
diameter,  and  18  inches  long.     On  one  end  of  the  wire  is  a  ball  of  lead, 
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ftbout  2  OK.,  through  the  ctrntre  of  which  i>^  a  small  hole  at  right  angles  k 
the  wire,  in  which  is  fixed  a  Htnall  graphite  pencil  Un  the  other  end  of  ik 
wire  iH  a  carrier,  to  afford  handhold  for  the  purpose  of  a<Jjusting  the  wire  in 
the  hole. 

When  the  carrier  is  pushed  right  up  to  the  wood,  tht^  hall,  if  distarb*^, 
will  vibrate  in  any  direction  perpendicular  to  the  wire  mi  as  to  make  about 
200  oscillations  a  minute,  which  is  slower  than  any  p4.*riiKl  it  is  required  to 
meaiiEure.  As  the  carrier  is  pulled  back,  and  the  wire  between  the  base  ami 
the  ball  shortenecl,  the  rate  of  vibration  increases,  until,  w*hen  the  wire  is 
only  14  inches  long,  the  ball,  when  disturbed,  gives  oat  an  audible  not^  of 
about  2,000  vibrations  a  nnnute, 

Thi'  insti-ument  is  used  by  holding  in  one  hand  the  longer  end  of  the 
wmwl,  and  pressing  the  notched  end  hard  against  the  pcdnt  uf  the  structure 
of  which  the  motion  is  to  be  analyzed,  the  carrier  having  previonsly  been 
pushed  up  to  the  wood,  then,  with  the  free  hand,  the  carrier  is  pulled 
steadily  back,  the  hall  being  c^irofnlly  watched.  As  by  the  shortening  of  the 
wire  between  the  bassc  and  the  ball  the  free  period  of  vibration  of  the  ball  L^ 
diininiBhed,  and  comes  near  to  any  period  amongst  the  vibrations  in  tht 
structure,  the  ball  is  seen  to  take  up  the  vibration  in  beats  with  interTabof 
rest  J  and  a  very  little  more  careful  adjustment  ij?  sufficient  to  bring  the 
period  into  coincidence,  when  the  ball  ciintiimes^ibmting  with  the  stracttin 
having  the  appeamnee  in  Fig.  2 


Fig.  2. 

The  period  of  the  Analyzer  having  been  thus  adjusted  to  that  of  one  of 
the  periods  of  free  vibration  of  the  structure,  the  period  is  ascertained  either 
by  adjusting  the  Analyzer  so  that  the  pencil  in  the  ball  may  oscillate  in  con- 
tact with  the  paper  on  a  chronograph,  or  by  measuring  the  distance  of  the 
ball  from  the  wood  on  a  scale,  previously  adjusted  by  aid  of  the  chronograph 
to  give  the  number  of  vibrations  per  minute. 

Extreme  accuracy  of  determining  the  periods  has  not  so  far  been  an  im- 
portant consideration.  1'he  readmgs  on  the  chronograph  were  only  taken  to 
about  107o-  But  that  the  Analyzer  is  susceptible  of  much  greater  accuracy 
is  shown  by  the  fact  that  several  different  adjustments  to  the  same  period  in 
the  structure  brought  the  wire  into  exactly  the  same  position. 
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Its  power  of  analyzing  complex  vibrations  is  so  far  unqualified.  It  was 
invented  for  the  purpose  of  determining  the  period  of  a  particular  vibration — 
in  a  very  stiff  iron  structure  subject  to  the  periodic  disturbance  of  the  belts 
from  two  engines  running  at  high  speed,  and  the  centrifugal  action  of  such 
want  of  balance  as  there  might  be  in  heavy  pulleys,  three  feet  in  diameter, 
and  running  at  500  revolutions  per  minute.  The  vibration  was  very  slight — 
nothing  more  than  a  slight  tremor  could  be  felt  with  the  hand.  The 
periodic  disturbances  were  about  500  per  minute,  and  these  came  out  clearly, 
but  small,  in  the  Analyzer  when  adjusted  to  these  periods — but  the  periods 
of  free  vibration  of  one  of  the  members,  720  per  minute,  caused  an  am- 
plitude of  half  an  inch  in  the  ball,  and  that  of  another,  1,270,  was  easily 
identified. 

The  instrument  already  dcvscribed  can  clearly  only  be  used  on  a  structure 
while  it  is  so  disturbed  as  to  set  its  members  vibrating.  Such  disturbances 
can  generally  be  set  up  by  a  shock  of  some  sort,  but  when  it  is  necessary  to 
cause  artificial  disturbance,  it  is  better  to  adopt  a  periodic  disturbance  of 
such  varying  period  as  will  come  gradually  into  coincidence  with  the  periods 
of  free  vibration,  bringing  these  vibrations  out  separately,  when  they  will  be 
readily  identified  with  the  Analyzer,  if  not  otherwise  perceptible. 

For  this  purpose,  in  1887,  I  adopted  the  following  method: — A  small 
cast-iron  pulley,  6  inches  in  diameter,  very  much  out  of  balance,  was 
mounted  on  a  small  frame  that  could  be  clipped  on  to  any  part  of  the 
structure,  and  a  cord  passed  over  this  pulley  on  to  a  larger  wheel,  which  was 
turned  by  hand.  In  this  way  the  unbalanced  wheel  was  driven  at  a 
gradually  increasing  rate  until  steady  vibrations  in  the  structure  were 
observed,  then  these  coincided  with  the  period  of  the  unbalanced  wheel,  and 
this  was  ascertained  to  be  about  1,200  by  counting  the  revolutions  of  this 
hand-wheel.  At  this  speed  the  disturbing  force  resulting  from  the  un- 
balanced weight,  2  lbs.  on  a  radius  of  2  inches,  would  be  40  lbs.  The 
structure  thus  under  examination  was  an  iron  standard,  very  stiff.  A 
theodolite  was  adjusted,  with  the  cross  wires  on  a  mark  on  the  top  of  the 
standard,  which,  when  the  period  of  the  small  unbalanced  wheel  coincided 
with  that  of  free  vibration,  was  seen  to  move  as  much  as  one-twentieth  of  an 
inch.  Chains  were  then  attached  to  the  top  of  the  standard,  and  by  means 
of  blocks,  a  horizontal  force  of  a  ton  was  thrown  on  to  the  top  of  the 
standard,  when  it  did  not  yield  more  than  two-hundredths  of  an  inch.  So 
that  the  deviation  caused  by  the  periodic  force  of  40  lbs.,  in  such  coincidence 
with  the  period  of  free  vibration  as  could  be  attained  with  the  hand-wheel, 
was  three  times  as  great  as  that  which  resulted  from  a  direct  statical  force  of 
one  ton. 


[Frofu  the  "  Procet>ding»  of  the  Royal  Institution  of  Ureal  Britain/'] 

In  his  changing  Hlovy  uf  The  Pttrloined  Leikn\  Edgar  Albin  Pi»e  klU 
how  nil  the  eflbrti?  Hti<l  iirtifice.s  of  the  Farij*  police  to  obtain  |>osse*!i^iDn  of  « 
ceriaiu  letter,  known  to  be  io  a  particular  room,  weri'  completely  baffled  for 
months  by  the  simple  plan  of  leaving  the  letter  in  an  unsealeti  envelope  m 
a  letter-rack,  and  so  destioyinjg^  all  rnrios'ih/  as  to  its  crmtent^ ;  mid  how  tbr 
letter  was  at  last  found  there  by  a  young  man  who  was  not  a  professional 
member  of  the  force.  Closely  analogous  to  this  is  the  stor}'  I  have  to  set 
before  you  to-night — how  certain  mysteries  of  fluid  motion,  which  have 
resisted  all  attempts  to  penetrate  them  ai'e  at  last  explained  by  the 
simplest  means  and  in  the  most  obvious  manner. 

This  indeed  is  no  new  story  in  science.  The  method  adopted  by  the 
minister,  D,  to  secrete  his  letter,  appears  to  be  the  favourite  of  Nature  iu 
keeping  her  secrets,  and  the  history  of  science  teems  with  instances  in 
which  keys,  after  being  long  sought  amongst  the  grander  phenomena,  have 
been  found  at  last  not  hidden  with  care,  but  scattered  about,  almost  openly, 
in  the  most  commonplace  incidents  of  e very-day  life  which  have  excited  no 
curiosity* 

This  was  the  case  in  physical  astronomy — to  which  I  shall  return  after 
having  reminded  you  that  the  motion  of  matter  in  the  universe  naturally 
divides  itfeelf  into  three  classes. 

1*     The  motion  of  bodies  as  a  w^hole— as  a  grand  illustration  of  which 
have  the  heavenly  bodies,  or  more  humble,  but  not  less  efiFective,  the 
motion  of  a  i^endulum  or  a  falling  body. 
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2.  The  relative  motion  of  the  different  parts  of  the  same  fluid  or  elastic 
body — for  the  illustration  of  which  we  may  go  to  the  grand  phenomena  pre- 
sented by  the  tide,  the  whirlwind,  or  the  transmission  of  sound,  but  which 
is  equally  well  illustrated  by  the  oscillatory  motion  of  the  wave,  as  shown 
by  the  motion  of  its  surface,  and  by  the  motion  of  this  jelly,  which,  although 
the  most  homely  illustration,  afiFords  by  far  the  best  illustration  of  the  pro- 
perties of  an  elastic  solid. 

8.  The  inter-motions  of  a  number  of  bodies  amongst  each  other — to 
which  class  belong  the  motions  of  the  molecules  of  matter  resulting  from 
heat,  as  the  motions  of  the  molecules  of  a  gas,  in  illustration  of  which  I 
may  mention  the  motions  of  individuals  in  a  crowd,  and  illustrate  by  the 
motion  of  the  grains  in  this  bottle  when  it  is  shaken,  during  which  the 
white  grains  at  the  top  gradually  mingle  with  the  black  ones  at  the  bottom 
— which  interdiffusion  takes  an  important  part  in  the  method  of  coloured 
bands. 

Now  of  these  three  classes  of  motion,  that  of  the  individual  body  is 
incomparably  the  simplest.  Yet,  as  presented  in  the  phenomena  of  the 
heavens,  which  have  ever  excited  the  greatest  curiosity  of  mankind,  it 
defied  the  attempts  of  all  philosophers  for  thousands  of  yeai-s,  until  Galileo 
discovered  the  laws  of  motion  of  mundane  matter.  It  was  not  until  he  had 
done  this,  and  applied  these  laws  to  the  heavenly  bodies,  that  their  motions 
received  a  rational  explanation.  Then  Newton,  taking  up  Galileo's  parable 
and  completing  it,  found  that  its  strict  application  to  the  heavenly  bodies 
revealed  the  law  of  gravitation,  and  developed  the  theory  of  dynamics. 

Next  to  the  motions  of  the  heavenly  bodies,  the  wave,  the  whirlwinds, 
and  the  motions  of  clouds,  had  excited  the  philosophical  curiosity  of  man- 
kind from  the  earliest  time.  Both  Galileo  and  Newton,  as  well  as  their 
followers,  attempted  to  explain  these  by  the  laws  of  motion,  but  although 
the  results  so  obtained  have  been  of  the  utmost  importance  in  the  develop- 
ment of  the  theory  of  dynamics,  it  was  not  till  this  century  that  any 
considerable  advance  was  made  in  the  application  of  this  theory  to  the 
explanation  of  fluid  phenomena,  and  although  during  the  last  fifty  years 
splendid  work  has  been  done,  work  which,  in  respect  of  the  mental  effort 
involved,  or  the  scientific  importance  of  the  results,  goes  beyond  that  which 
resulted  in  the  discovery  of  Neptune,  yet  the  circumstances  of  fluid  motion 
are  so  obscure  and  complex,  that  the  theory  has  yet  been  interpreted  only 
in  the  simplest  cases. 

To  illustrate  the  difference  between  the  interpretation  of  the  theory  of 
the  heavenly  bodies  and  that  of  fluid  motion,  I  would  call  your  attention 
to  the  fact  that  solid  bodies,  on  the  behaviour  of  which  the  theory  of  the 
motion  of  the  planets  is  founded,  move  as  one  piece,  so  that  their  motion 
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is  exactly  represented  bv  the  motion  of  their  surfaces ;  that  they  are  not 
subject  to  any  intenml  disorder  which  may  affect  their  general  motioa  So 
surely  is  this  the  case,  that  even  those  who  have  never  heard  of  dynamics  am 
predict  with  certainty  how  any  onlinary  body  will  behfive  under  any  ordinafT 
cireumstances,  and  .^o  much  so  that  any  dt?partare  is  a  matter  of  surprise. 
Thus  I  have  here  a  cube  of  wood,  to  one  side  of  which  a  string  is  attacherl 
Now  hold  it  on  one  side*  and  holding  the  string  you  naturally  supp^^se  that 
when  I  let  go  it  will  turn  down  so  as  to  hang  with  tlje  string  vertical ;  it 
rloefs  not  do  so,  that  is  a  matter  of  surprise ;  1  place  it  on  the  other  side 
and  it  still  remaina  as  I  place  it  If  I  swing  it  as  a  pendulum  it  does  not 
behave  like  one. 

Would  Galileo  have  discovered  the  laws  of  motion  had  his  pendulum 
behaved  liko  tliis  ?  Why  is  it«  motimi  peculiar  ?  There  is  internal  motioiL 
Of  what  sort  ?  Well,  I  think  my  illustration  may  mrry  more  weight 
if  I  do  not  tell  you  :  yoti  can  all,  I  have  no  doubt,  form  a  good  idea.  It 
is  not  fluid  motion  or  I  should  feel  bound  to  explain  it.  You  have  here 
an  ordinary  looking  object  which  behaves  in  an  extraonlinarj^  manner,  which 
is  yet  very  decided  and  cleai%  to  judge  by  the  motion  of  its  surface,  aatl 
from  the  manner  of  the  motion  I  wi^h  you  t«  judge  of  the  C4iu8e  of  the 
observed  motion** 

This  L**  the  problem  presented  by  fluids,  in  which  there  may  be  internal 
motion  which  has  to  be  taken  into  account  before  the  motion  of  the  surface 

can  be  explained  You  can  s(/e  n<>  mon;  of  what  the  motion  is  within  a 
homogeneous  fluid,  liowever  opatjue  or  clear,  than  you  can  see  what  is  going 
on  within  the  box.  Thus,  without  colour  bauds  the  only  visual  clue  to  what 
is  going  on  within  the  fluids  is  the  motion  of  their  bounding  surfaces.  Nor 
is  this  all ;    in  most  cases  the  surfaces  which  bound  tlie  fluid  are  immovable. 

In  the  case  of  the  wave  on  water  the  motion  of  the  surface  shows  that 
there  is  motion,  but  because  the  surface  shows  no  wave  it  does  not  do  to 
infer  that  the  fluid  is  at  rest. 

The  only  surfaces  of  the  air  within  this  room  are  the  surfaces  of  the 
floor,  walls,  and  objects  within  it.  By  moving  the  objects  we  move  the  air, 
but  how  far  the  air  is  at  rest  you  cannot  tell  unless  it  is  something  familiar 
to  you. 

Now  I  will  ask  you  to  look  at  these  balloons.  They  are  familiar  objects 
enough,  and  yet  they  are  most  sensitive  anemometers,  more  sensitive  than 
anything  else  in  the  room  ;  but  even  they  do  not  show  any  motion ;  each 
of  them  forms  an  internal  bounding  surfixce  of  the  air.      I  send  an  aerial 

*  In  this  experiment  a  cubical  box  of   wood,  apparently  a  solid  block,  contained  a  heavy 
spinning  top. 
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messenger  to  them,  and  a  small  but  energetic  motion  is  seen  by  which  it 
acknowledges  the  message,  and  the  same  message  travels  through  the  rest, 
as  if  a  ghost  touched  them.  It  is  a  wave  that  moves  them.  You  do  not 
feel  it,  and,  but  for  the  surfaces  of  the  air  formed  by  the  balloons,  would 
have  no  notion  of  its  existence*. 

In  this  tank  of  beautifully  clear  distilled  water,  I  project  a  heavy  ball  in 
from  the  end,  and  it  shows  the  existence  of  the  water  by  stopping  almost 
dead  within  two  feet.  The  fact  that  it  is  stopped  by  the  water,  being 
familiar,  does  not  raise  the  question,  Why  does  it  stop  ? — a  question  to 
which,  even  at  the  present  day,  a  complete  answer  is  not  forthcoming.  The 
question  is,  however,  suggested,  and  forcibly  suggested,  when  it  appears  that 
with  no  greater  or  other  evidence  of  its  existence,  I  can  project  a  disturbance 
through  the  water  which  will  drive  this  small  disc  the  whole  length  of  the 
tank. 

I  have  now  shown  instances  of  fluid  motion  of  which  the  manner  is  in 
no  way  evident  without  colour  bands,  and  were  revealed  by  colour  bands,  as 
I  showed  in  this  room  sixteen  years  ago.  At  that  time  I  was  occupied  in 
setting  before  you  the  manners  of  motion  revealed,  and  I  could  only  inci- 
dentally notice  the  means  by  which  this  revelation  was  accomplished. 

Amongiat  the  ordinary  phenomena  of  motion  there  are  many  which 
render  evident  the  internal  motion  of  fluids.  Small  objects  suspended  in 
the  fluid  are  important,  and  that  their  importance  has  long  been  recognised 
is  shown  by  the  proverb — straws  show  which  way  the  wind  blows.  Bubbles 
in  water,  smoke  and  clouds,  afford  the  most  striking  phenomena,  and  it  is 
doubtless  these  that  have  furnished  philosophers  with  such  clues  as  they 
have  had.  But  the  indications  furnished  by  these  phenomena  are  imperfect, 
and,  what  is  more  important,  they  only  occur  casually,  and  in  general  only 
under  circumstances  of  such  extreme  complexity  that  any  deduction  as  to 
the  elementary  motions  involved  is  impossible.  They  afford  indication  of 
commotion,  and  perhaps  of  the  general  direction  in  which  the  commotion 
is  tending,  but  this  is  about  all. 

For  example,  the  different  types  of  clouds ;  these  have  always  been  noticed 
and  are  all  named.  And  it  is  certain  that  each  type  of  clouds  is  an  indication 
of  a  particular  type  of  motion  in  the  air;  but  no  deductions  as  to  what 
definite  manner  of  motion  is  indicated  by  each  type  of  cloud  have  ever  been 
published. 

Before  this  can  be  done  it  is  necessary  to  reverse  the  problem,  and  find 
to  what  particular  type  of  cloud  a  particular  manner  of  motion  would  give 

*  By  means  of  a  large  box,  having  a  hinged  door  on  one  side,  and  a  oircidar  apertare  on  the 
side  opposite,  invisible  vortex  rings  of  air  were  projected  towards  the  balloons. 
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rise.  Now  a  cloud,  bb  we  aee  it,  does  not  dimctly  indicate  the  ifttenml 
motion  of  which  it  is  the  result*  Ab  wo  look  at  clouds,  it  is  not  io  geDcra! 
their  motion  that  we  notice,  but  their  %ure.  It  m  hard  to  see  that  this 
figure  changes  while  we  are  watching  a  cloud,  though  such  a  ebange  is 
eotitinually  going  on,  but  is  apparently  very  slow  on  accoutit  of  the  great 
distance  of  the  cloud  and  itsi  great  size.  However,  type^  of  clouds  are 
determined  by  their  figure,  not  by  their  tnoUon.  Now  what  their  figuie 
fthows  is  not  motion,  but  is  the  history  or  result  of  the  nxotiou  of  jmrtie»lar 
fitii^ta  of  the  air  in  and  throngh  4^iirn>unding  strata.  Hence,  to  interpi^t 
the  figures  of  the  clouds  we  must  study  the  changes  in  shape  of  fluid 
masses^  surrounded  by  fluids  which  result  from  particnlar  motions. 

The  ideal  in  the  niethod  of  colour  bands  is  to  render  t^tre-aks  or  lines  id" 
detinite  position  in  the  tinid  visible,  without  in  any  way  otherwise  interfering 
with  these  propertioa  aji  part  of  the  homogeneous  fluid.  If  we  cc»uM  by  ii 
wi»h  create  colaured  lines  in  the  water,  these  would  be  ideal  colour  b&nck 
We  cannot  do  fcluSi  nor  can  we  exactly  imint  lines  in  the  air  or  water.  ^m 

1  take-  (his  ladle  full  of  highly  coloun^d  water,  luwer  it  8lowly  into  the^ 
aurfacc  of  the  surrounding  water  till  that  within  i&  level  with  that  without; 
then  turn  the  ladle  carefidiy  mund  the  fsoloured  water;  the  muss  of  coloured 
water  w^ill  remain  where  placed.  ^m 

I  distribute  the  colour  slowly.  It  does  not  mil  with  the  clear  water,  aiao^ 
although  the  lines  are  irregular  they  stand  out  very  beautifully.  Tlieir 
edges  are  sharp  here.  But  in  this  large  sphere,  which  was  coloured  before 
the  lecture,  although  the  coloured  lines  have  generally  kept  their  plac^, 
they  have,  as  it  were,  swollen  out  and  become  merged  in  the  surrounding 
water  in  consequence  of  molecular  motion.  The  sphere  show^s,  however,  one 
of  the  rarest  phenomena  in  Nature — the  internal  state  in  almost  absolute 
internal  rest.  The  forms  resemble  nothing  so  much  as  stratus  clouds,  as 
seen  on  a  summer  day,  though  the  continuity  of  the  colour  bands  is  more 
marked.  A  mass  of  coloured  water  once  introduced  is  never  broken.  The 
discontinuity  of  clouds  is  thus  seen  to  be  due  to  other  causes  than  mere 
motion. 

Now,  having  called  your  attention  to  the  rarity  of  water  at  rest,  I  will 
call  your  attention  to  what  is  apt  to  be  a  very  striking  phenomenon,  namely, 
that  when  water  is  contained,  like  this,  in  a  spherical  vessel  of  which  you 
cannot  alter  the  shape,  it  is  impossible  by  moving  the  vessel  suddenly  to  set 
up  relative  motion  in  the  interior  of  the  water.  I  may  swing  this  vessel 
about  and  turn  it,  but  the  colour  band  in  the  middle  remains  as  it  was, 
and  when  I  stop  shows  the  water  to  be  at  rest. 

This  is  not  so  if  the  water  has  a  free  surface,  or  if  the  fluid  is  of  unequal 
density.     Then  a  motion  of  the  vessel  sets  up  waves,  and  the  colour  band 
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shows  at  once  the  beautifully  lawful  character  of  the  internal  motion.  The 
colour  bands  move  backwards  and  forwards,  showing  how  the  water  is  dis- 
torted like  a  jelly,  and  as  the  wave  dies  out  the  colour  bands  remain  as  they 
were  to  begin  with. 

This  illustrates  one  of  the  two  classes  of  internal  motion  of  water  or  fluid. 
Wherever  fluid  is  not  in  contact  with  surfaces  over  which  it  has  to  glide, 
or  surfaces  which  fold  on  themselves,  the  internal  motions  are  of  this  purely 
wave  character.  The  colour  bands,  however  much  they  may  be  distorted, 
cannot  be  relatively  displaced,  twisted,  or  curled  up,  and  in  this  case  motion 
in  water  once  set  up  continues  almost  without  resistance.  That  wave  motion, 
in  water  with  a  free  surface,  is  one  of  the  most  difficult  things  to  stop,  is 
directly  connected  with  the  difficulty  of  setting  still  water  in  motion ;  in 
either  case  the  influence  must  come  through  the  surfaces.  Thus  it  is  that 
waves  once  set  up  will  traverse  thousands  of  miles,  establishing  communica- 
tion between  the  shores  of  Europe  and  America.  Wave  motion  in  water  is 
subject  to  enormously  less  resistance  than  any  other  form  of  material  motion. 

In  wave  motion,  if  the  colour  bands  are  across  the  wave  they  show  the 
motion  of  the  water ;  nevertheless,  their  chief  indication  is  of  the  change  of 
shape  while  the  fluid  is  in  motion. 

This  is  illustrated  in  this  long  bottle,  with  the  coloured  water  less  heavy 
than  the  clear  water.  If  I  lay  it  down  in  order  to  establish  equilibrium,  the 
blue  water  has  to  leave  the  upper  end  of  the  bottle  and  spread  itself  over  the 
clear  water,  while  the  clear  water  runs  under  the  coloured.  This  sets  up 
wave  motion,  which  continues  after  the  bottle  has  come  to  rest.  But  as  the 
colour  bands  are  parallel  with  the  direction  of  motion  of  the  waves,  the 
motion  only  becomes  evident  in  thickening  and  bending  of  the  colour  bands. 

The  waves  are  entirely  between  the  two  fluids,  there  being  no  motion  in 
the  outer  surfaces  of  the  bottle,  which  is  everywhere  glass.  They  are  owing 
to  the  slight  differences  in  the  density  of  the  fluids,  as  is  indicated  by  the 
extreme  slowness  of  the  motion.  Of  such  kind  are  the  waves  in  the  air, 
that  cause  the  clouds  which  make  the  mackerel  sky,  the  vapour  in  the  tops 
of  the  waves  being  condensed  and  evaporated  again  as  it  descends,  showing 
the  results  of  the  motion. 

The  distortional  motions,  such  as  alone  occur  in  simple  wave  motion, 
or  where  the  surfaces  of  the  fluid  do  not  fold  in  on  themselves,  or  wind  in, 
are  the  same  as  occur  in  any  homogeneous  continuous  material  which  com- 
pletely fills  the  space  between  the  surfaces. 

If  plastic  material  is  homogeneous  in  colour,  it  shows  nothing  as  to  the 
internal  motion;  but  if  I  take  a  lump  built  of  plates,  blue  and  white,  say  a 
square,  then  I  can  change  the  surfaces  to  any  shape  without  folding  or 
o.  a  u.  34 
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lurtiing  the  lump,  and  the  cotoitred  handB  which  extend  thrDUghout  the  Idd 
show  th<!  iiitenml  ehangea  Nciw  the  firat  point  to  illustrate  is  that,  howe¥«r1 
I  ehaoge  it»  shape,  if  I  bring  it  back  to  the  original  ^hape  the  colour  bftocb 
will  all  coitic*  hack  to  ihftir  ongiiml  {>rifiitioih%  and  thnr^*.  m  no  limit  t^i  the 
extent  of  tlie  cfhango  that  may  thus  bt*  effteted.  I  may  nill  this  aut  tamj 
length,  or  ch^w  it  out,  ami  the  dittiitiutioD  in  thicknei^s  of  the  colour  iMOik 
ghowfi  the  extent  of  the  distortion.  Thii^  in  the  first  and  mmplest  dm 
of  miction  to  which  fiutdif  arct  sttsceptible.  By  this  motion  alone  Bl&menU 
of  the  fluid  may  he,  and  arc^  drawn  out  to  ati  indefinitely  fine  line,  or  epraid 
out  in  an  indefinitely  thin  sheet,  but  they  will  remain  of  the  same  gtmmi 
figum  M 

By  P0ver«ing  the  prfjcese  they  ehangf?  back  again  to  the  orij^nd  fotni. 
No  colour  band  can  ever  be  bniken»  even  if  the  outer  surface  lu-  punched  ia, 
till  tho  punch  head  cmneJi  rlown  on  the  table ;  ^till  all  the  colour  banfli^  m 
continuous  under  the  punch,  and  thert*  is  n<>  folding  or  lapping  of  the  ofiK*ffl 
bands  unless  the  extenial  surfjico  is  folded. 


F 


The  gi'ueral  idea  of  mixture  is  no  familiar  to  us  ilml  ihc^  vast  j 
tion  to  which  these  ideai^  affonl  tf»e  key,  remaias  uuiuitioefl.  Thai  oonttiii] 
mixing  results  in  uniformity,  and  that  uniformity  is  only  to  be  obtained  k 
mixing,  will  be  generally  aekniiwledged,  but  how  deeply  and  univemally  this 
enters  into  all  the  arts  can  but  rarely  have  been  apprehended.  Does  it  ev« 
occur  to  any  oue  that  the  beautiful  uniformity  of  our  textile  fabrics  has  onl}^ 
been  obtained  by  the  developioeut  of  procej^ses  of  mixiug  the  fibres?  Or, 
again,  the  uniformity  in  our  construction  of  metals;  has  it  ever  occurred  to 
any  one  that  the  inventions  of  Arkwright  and  Cort  were  but  the  application 
of  the  long-known  processes  by  which  mixing  is  effected  in  culinar)'  opera- 
tions ?  Arkwright  applied  the  draw-rollers  to  uniformly  extend  the  length 
of  the  cotton  sliver  at  the  expense  of  the  thickness ;  Cort  applied  the  rolling- 
mill  to  extend  the  length  of  the  iron  bloom  at  the  expense  of  its  breadth ; 
but  who  invented  the  rolling-pin  by  which  the  pastry-cook  extends  the 
length  at  the  expense  of  the  thickness  of  the  dough  for  the  pie-crust  ? 

In  all  these  processes  the  object,  too,  is  the  same  throughout — to  obtain 
some  particular  shape,  but  chiefly  to  obtain  a  uniform  texture.  To  obtain 
this  nicety  of  texture  it  is  necessary  to  mix  up  the  material,  and  to  accom- 
plish this  it  is  necessary  to  attenuate  the  material,  so  that  the  different  parts 
may  be  brought  together. 

The  readiness  with  which  the  fluids  are  mixed  and  uniformity  obtained 
is  a  by-word;  but  it  is  only  when  we  come  to  see  the  colour  bands  that  we 
realize  that  the  process  by  which  this  is  attained  is  essentially  the  same  as 
that  so  laboriously  discovered  for  the  arts — as  depending  first  on  the  atten- 
uation of  each  element  of  the  fluid — as  I  have  illustrated  by  distortion. 
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In  fluids,  no  less  than  in  cooking,  spinning,  and  rolling — ^this  attenuation 
is  only  the  first  step  in  the  process  of  mixing — all  involve  the  second  process, 
that  of  folding,  piling,  or  wrapping,  by  which  the  attenuated  layers  are 
brought  together.  This  does  not  occur  in  the  pure  wave  motion  of  water, 
and  constitutes  the  second  of  the  two  classes  of  motion.  If  a  wave  on  water 
is  driven  beyond  a  certain  height  it  leaps  or  breaks,  folding  in  its  surface. 
Or,  if  I  but  move  a  solid  surface  through  the  water  it  introduces  tangential 
motion,  which  enables  the  fluid  to  wind  its  elements  round  an  axis.  In  these 
ways,  and  only  in  these  ways,  we  are  released  from  the  restriction  of  not 
turning  or  lapping.  And  in  our  illustration,  we  may  fold  up  our  dough, 
or  lap  it — roll  it  out  again  and  lap  it  again ;  cut  up  our  iron  bar,  pile  it, 
and  roll  it  out  again,  or  bring  as  many  as  we  please  of  the  attenuated  fibres 
of  cotton  together  to  be  further  drawn.  It  may  be  thought  that  this 
attenuation  and  wrapping  will  never  make  perfect  admixture,  for,  however 
thin,  each  element  will  preserve  its  characteristic,  the  coloured  layers  will  be 
there,  however  often  I  double  and  roll  out  the  dough.  This  is  true.  But  in 
the  case  of  some  fluids,  and  only  in  the  case  of  some  fluids,  the  physical 
process  of  diffusion  completes  the  admixture.  These  colour  bands  have 
remained  in  this  water,  swelling  but  still  distinct ;  this  shows  the  slowness  of 
diffusion.  Yet  such  is  the  facility  with  which  the  fluid  will  go  through  the 
process  of  attenuating  its  elements  and  enfolding  them,  that  by  simply 
stirring  with  a  spoon  these  colour  bands  can  be  drawn  and  folded  so  fine 
that  the  diff'usion  will  be  instantaneous,  and  the  fluid  become  uniformly 
tinted.  All  internal  fluid  motion  other  than  simple  distortion,  as  in  wave 
motion,  is  a  process  of  mixing,  and  it  is  thus  from  the  arts  that  we  get 
the  clue  to  the  elementary  forms  and  processes  of  fluid  motion. 

When  I  put  the  spoon  in  and  mixed  the  fluid  you  could  not  see  what 
went  on — it  was  too  quick.  To  make  this  clear,  it  is  necessary  that  the 
motion  should  be  very  slow.  The  motion  should  also  be  in  planes  at  right 
angles  to  the  direction  in  which  you  are  looking.  Such  is  the  instability  of 
fluid  that  to  accomplish  this  at  first  appeared  to  be  difficult.  At  last, 
however,  as  the  result  of  much  thought,  I  found  a  simple  process  which 
I  will  now  show  you,  in  what  I  think  is  a  novel  experiment,  and  you  will  see, 
what  I  think  has  never  been  seen  before  by  any  one  but  Mr  Foster  and 
myself,  namely,  the  complete  process  of  the  formation  of  a  cylindrical  vortex 
sheet  resulting  from  the  motion  of  a  solid  surface.  To  make  it  visible  to  all 
I  am  obliged  to  limit  the  colour  band  to  one  section  of  the  sheet,  otherwise 
only  those  immediately  in  front  would  be  able  to  see  between  the  con- 
volutions of  the  spiral.  But  you  will  understand  that  what  is  seen  is  a 
section,  a  similar  state  of  motion  extending  right  across  the  tank.  From  the 
surfiEU^  you  see  the  plane  vane  extending  half-way  down  right  across  the 
tank;  this  is  attached  to  a  float. 
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Out  of  the  tube  I  now  institute  a  colour  band  on  the  right  of  the  vbuv. 
There  is  no  motion  in  the  water,  and  the  coloui'  descends  slowly  from  the 
tube.  I  now  give  a  small  impulse  to  the  float  to  move  it  to  the  right,  and 
at  once  the  spiral  form  is  seen  from  the  tube.  Similar  spiials  would  he 
formed  all  across  tho  tank  if  there  were  colours.  The  float  has  moved  out  of 
the  way,  leaving  thi3  revolving  Bpiral  with  iti§  centre  stationary,  showing  that 
the  horizontal  aada  of  the  spiral  m  half-way  between  the  bottom  and  surfeit 
of  the  tank,  in  which  the  water  is  now  simply  revolving  round  this  axisw 

Thi!^  ia  the  vortex  in  its  simplest  and  rarest  form  (for  a  vortex  cannal 
exist  w^th  its  ends  exposed).  Like  an  aiTny  it  must  have  its  flanks  protecte<3; 
hence  a  straight  vortex  can  only  exist  where  it  has  two  surfaces  to  aover  its 
flanks,  and  parallel  vertical  surfaces  are  not  common  in  nature.  The  rortei 
can  bend»  and^  as  with  a  hoi'se^shoe  axis,  can  rest  both  its  flanks  on  the 
same  surface,  as  this  piece  of  clay,  or  with  a  ring  axis,  which  is  its  oommonest 
fonUp  as  in  the  smoke  ring.  In  both  these  cases  the  vortex  will  be  in  motjon 
through  the  fluid,  and  less  easy  to  observe. 

These  vortices  have  no  motion  beyond  the  rotation  because  they 
half-way  down  the  tank.  If  the  vane  were  shorter  they  would  follow 
vane;  if  it  were  longer  they  would  leave  it. 

In  the  same  way,  if  instead  of  one  vortex  there  were  fcwo  vortices, 
with  their  axis  parallel,  extending  right  acix)ss,  the  one  above  another^  they 

would  move  together  along  the  tank. 

I  replace  the  float  by  another  which  has  a  vane  suspended  from  it, 
so  that  the  water  can  pass  both  above  and  below  the  vane  extending  right 
across  the  middle  portion  of  the  tank.  In  this  case  I  institute  two  colour 
bands,  one  to  pass  over  the  top,  the  other  underneath,  the  vane,  which  colour 
bands  will  render  visible  a  section  of  each  vortex  just  as  in  the  last  case. 
I  now  set  the  float  in  motion  and  the  two  vortices  turn  towards  each  other 
in  opposite  directions.  They  are  formed  by  the  water  moving  over  the 
surface  of  the  vane,  downwards  to  get  under  it,  upwards  to  get  over  it,  so 
that  the  rotation  in  the  upper  vortex  is  opposite  to  that  in  the  lower. 
All  this  is  just  the  same  as  before,  but  that  instead  of  these  vortices  standing 
still  as  before  they  follow  at  a  definite  distance  from  the  vane,  which  con- 
tinues its  motion  along  the  tank  without  resistance. 

Now  this  experiment  shows,  in  the  simplest  form,  the  modus  operandi  by 
which  internal  waves  can  exist  in  fluid  without  any  motion  in  the  external 
boundary.  Not  only  is  this  plate  moving  flatwise  through  the  water,  but  it 
is  followed  by  all  the  water,  coloured  and  uncoloured,  enclosed  in  these 
cylindrical  vortices.  Now,  although  there  is  no  absolute  surface  visible,  yet 
there  is  a  definite  surface  which  encloses  these  moving  vortices,  and  separates 
them  from  the  water  which  moves  out  of  their  way.     This  surface  will  be 
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rendered  visible  in  another  experiment  I  shall  show  you.  Thus  the  water 
which  has  only  wave  motion  is  bounded  by  a  definite  surface,  the  motion  of 
which  corresponds  to  the  wave;  but  inside  this  closed  surface  there  is  also 
water,  so  that  we  cannot  see  the  surface,  and  this  water  inside  is  moving 
round  and  round,  but  so  that  its  motion  at  the  bounding  surface  is  every- 
where the  same  as  that  of  the  outside  water. 

The  two  masses  of  water  do  not  mix.  That  outside  moves  over  the 
bounding  surface,  out  of  the  way  of  and  past  the  vortices,  while  the  vortices 
move  round  and  round  inside  the  surface  in  such  a  way  that  they  are 
moving  in  exactly  the  same  maimer  at  the  surface  as  the  wave  surface 
outside. 

This  is  the  key  to  the  internal  motion  of  water.  You  cannot  have  a  pure 
wave  motion  inside  a  mass  of  fluid  with  its  boundaries  at  rest,  but  you  have 
a  compound  motion,  a  wave  motion  outside,  and  a  vortex  within,  which 
fulfils  the  condition  that  there  shall  be  no  sliding  of  the  fluid  over  fluid  at 
the  boundary. 

A  means,  which  I  hope  may  make  the  essential  conditions  of  this  motion 
clearer,  occuiTed  to  me  while  preparing  this  lecture,  and  to  this  I  will  now 
ask  your  attention.  I  have  here  a  number  of  layers  of  cotton- wool  (wadding). 
Now  I  can  force  any  body  along  between  these  layers  of  wadding.  They 
yield,  as  by  a  wave,  and  let  it  go  through  ;  but  the  wadding  must  slide  over 
the  surface  of  the  body  so  moving  through  it.  And  this  it  must  not  do  if  it 
illustrate  the  conditions  of  fluid  motion.  Now  there  is  one  way,  and  only 
one  way,  in  which  material  can  be  got  through  between  the  sheets  of  wadding 
without  slipping.  It  must  roll  through  ;  but  this  is  not  enough,  because  if  it 
rolls  on  the  under  surface  it  will  be  slipping  on  the  upper.  But  if  we  have 
two  rollers,  one  on  the  top  of  the  other,  between  the  sheets,  then  the  lower 
roller  rolls  on  the  bottom  sheet,  the  upper  roller  rolls  against  the  upper  sheet, 
so  that  there  is  no  slipping  between  the  rollers  or  the  wadding,  and,  equally 
important,  there  is  no  slipping  between  the  rollers,  as  they  roll  on  each  other. 
I  have  only  to  place  a  sheet  of  canvas  between  the  rollers  and  draw  it 
through;  both  the  flannel  rollers  roll  on  the  canvas  and  on  the  wadding, 
which  they  pass  through  without  slipping,  causing  the  wadding  to  move 
in  a  wave  outside  them,  and  affording  a  complete  parallel  of  the  vortex 
motion. 

I  will  now  show  by  colour  bands  some  of  the  more  striking  phenomena 
of  internal  motion,  as  presented  by  Nature's  favourite  form  of  vortex,  the 
vortex  ring,  which  may  be  described  as  two  horse-shoe  vortices  with  their  ends 
founded  on  each  other. 

To  show  the  surface  separating  the  water  moving  with  the  vortex,  from 
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thnt  which  ^n  vcs  way  onteitlc^  I  discharge  trnni  this  orifice  a  tmuiS  of  coloured 
water,  which  hm  a  vortex  ring  in  it  formed  by  the  »ur&oe  sm  already 
d<^flcribod.  You  m*o  the  bfAiitifully  defined  mam  moving  on  slowly  through 
the  tiuid,  with  the  proper  vortex  ring  motion,  but  vc^ry  slow.  It  will  not  gr> 
far  before  a  change  lakes  place,  owing  to  the  diffusitui  of  the  vortex  motion 
acrow  the  bjunding  surface ;  then  the  coloured  surface  will  be  wound  itito 
the  ring  which  will  appear.  The  mwsa  approaches  the  disc  in  fronL  l6 
anot  |.wiss»  but  will  come  up  and  carry  the  dit^c  forward  ;  but  the  disc, 
Ithoiigh  it  dfx\s  not  destroy  the  ring^  dlstiirbi^  the  motion. 

If  I  send  a  more  energetic  ring  it  will  explain  the  phenomenon  I  showed 
you  at  the  begiiming  of  this  lecture;  it  carries  the  dii*c  forward  bm  if  fitnick 
with  a  hamtnen  This  blow  in  not  s^iinply  the  weight  of  the  coloure<l  ring,  bol 
of  the  whole  moving  masa  and  the  wave  outside.  The  ring  eiuinot  pa^  the 
disc  without  destruction,  with  the  attendant  wave. 

Not  only  can  a  ring  follow  a  disc,  but  a^  with  the  plane  vane  so  with  the 
disc,  if  we  start  a  disc  we  must  start  a  ring  behind  it.  i 

I  will  now  fulfd  my  prouiiso  Uj  reveal  the  silent  messDuger  I  sent  to  tho^ 
balloonsw  The  messenger  appean^  in  the  form  o(  a  h\rgc  smoke  ring,  which  is 
a  vortex  ring  in  air  rendered  visiblo  by  smoke  instead  of  colonr*  Ih^ 
origination  of  these  riugs  has  been  carefully  set  so  that  the  balloans  are 
beyond  the  surface  which  separates  the  moving  ma^  of  water  from  the 
wave,  so  that  they  are  subject  to  the  wave  motion  only.  If  they  are  within 
this  surface  they  will  disturb  the  direction  of  the  ring,  if  they  do  not  break 
it  up. 

These  are,  if  I  may  say  so,  the  phenomenal  instances  of  internal  motion 
of  fluids.  Phenomenal  in  their  simplicity,  they  are  of  intense  interest,  like 
the  pendulum,  as  furnishing  the  clue  to  the  more  complex.  It  is  by  the  light 
we  gather  from  their  study  that  we  can  hope  to  interpret  the  parallel  of  the 
vortex  wrapped  up  in  the  wave,  as  applied  to  the  wind  of  heaven,  and  the 
grand  phenomenon  of  the  clouds,  as  well  as  those  things  which  directly 
concern  us,  such  as  the  resistance  of  ships. 
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ON  THE  DYNAMICAL  THEORY  OF  INCOMPRESSIBLE  VIS- 
COUS FLUIDS  AND  THE  DETERMINATION  OF  THE 
CRITERION. 

[Fivm  the  "  Philosophical  Transactions  of  the  Royal  Society,"  1895.] 

(Bead  May  24,  1894.) 

Section  I. 

Introductian. 

1.  The  equations  of  motion  of  viscous  fluid  (obtained  by  grafting  on 
certain  terms  to  the  abstract  equations  of  the  Eulerian  form,  so  as  to  adapt 
these  equations  to  the  case  of  fluids  subject  to  stresses  depending  in  some 
hypothetical  manner  on  the  rates  of  distortion,  which  equations  Navier* 
seems  to  have  first  introduced  in  1822,  and  which  were  much  studied  by 
Cauchy-f-  and  PoissonJ)  were  finally  shown  by  St  Venant§  and  Sir  Gabriel 
Stokes||,  in  1845,  to  involve  no  other  assumption  than  that  the  stresses, 
other  than  that  of  pressure  uniform  in  all  directions,  are  linear  functions  of 
the  rates  of  distortion,  with  a  coefficient  depending  on  the  physical  state  of 
the  fluid. 

By  obtaining  a  singular  solution  of  these  equations  as  applied  to  the 
case  of  pendulums  in  steady  periodic  motion,  Sir  0.  Stokes f  was  able  to 
compare  the  theoretical  results  with  the  numerous  experiments  that  had 

*  M6m.  de  VAcadimie^  vol.  vi.  p.  389. 

t  M€m.  des  Savantt  Etrangera,  vol.  i.  p.  40. 

t  M€m,  de  VAcadimiey  vol.  z.  p.  345. 

§  B.A.  Report,  1846. 

II   Cambridge  Phil.  Trans.,  1845. 

IF  Ibid.,  vol.  IX.  1857. 


re<xjrded»  with  the  result  that  the  theoretical  calculations 
experimental  determi nations  m  meimiigly  to 
jth  of  the  assumptiiju  involved     Thii*  was  also  the  result  of  corapsriDf 
the  flow  of  water  throtigh  umfarm  tubeii  with  the  flow  ealcukted  froni  i 
mngmlar  solution  of  the  equations,  bo  long  aa  the  tubes  were  small  and  the 
v^lueitioti  slow.      On  the  other  hand,  theee  results,  both   theoretical  utd 
praeiical,  were  directly  at   variance   with   comuion  experience   as  to  thafl 
resistance   encounterefl   by   larger   bodies   moving    with    higher    velodti*^ 
through  water,  or  by  water  moving  with  greater  velocities  through  larger  ^ 
tub(3s*    Thi^  dis^ciH^paucy  Sir  O.  Stokee  considered  as  probably  reciting ^ 
from  tfdditiA,  which  rendered  the  actual  motion  otht^r  than    that   to  which 
the  singular  swhition  referred,  and  nut  aa  disproving  the  assumption. 

In  185D,  after  Joulo*f4  discovery  of  the  Mcchimical  Equivalent  of  Heati 
StokeB  showed,  by  transforming  the  cijuatious^  of  motion — with  arbitrary 
litreaaea^—so  as  to  obtain  the  equations  of  ("Vis-viva")  energy,  that  thi« 
eqnation  contained  a  definite  function,  which  represented  the  differenoe 
between  the  work  done  on  the  fluid  by  the  stres«ic!i  and  the  rate  of  increase 
of  the  energy,  per  unit  of  volume,  which  function,  he  concluded,  mtist, 
jiccordiBg  to  Joule,  represent  the  Via-viva  converted  into  heat. 


This  conclusion  was  cibtained  from  the  equations  irrespective  of  any 
particular  relation  between  the  stresses  and  the  rates  of  distortion.  Sir  G* 
Stokes^  however,  tmnslaUMl  thr  fti notion  intn  mi  ^'X)irossion  in  terni^  i'^  ^^<^ 
rates  of  distortion,  which  expression  has  since  been  named  by  Lord  Rayleigh 
the  Dissipation' Function. 

2.  In  1883  I  succeeded  in  proving,  by  means  of  experiments  with  colour 
bands — the  results  of  which  were  communicated  to  the  Society* — that  when 
water  is  caused  by  pressure  to  flow  through  a  uniform  smooth  pipe,  the  motion 
of  the  water  is  direct ^  i.e.y  parallel  to  the  sides  of  the  pipe,  or  stJiuous,  i.e., 
crossing  and  re-crossing  the  pipe,  according  as  ?7,^,  the  mean  velocity  of  the 
water,  tis  measured  by  dividing  Q,  the  discharge,  by  A,  the  area  of  the 
section  of  the  pipe,  is  below  or  above  a  certain  value  given  by 

K^i|Dp, 

where  D  is  the  diameter  of  the  pipe,  p  the  density  of  the  water,  and  K  a 
numerical  constant,  the  value  of  which  according  to  my  experiments,  and,  sls 
I  was  able  to  show,  to  all  the  experiments  by  Poiseuille  and  Darcy,  is  for 
pipes  of  circular  section  between 

1900  and  2000, 
*  Phil.  7Va;M.,  1883,  Part  III.  p.  935.     (See  this  vol.  p.  51.) 
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or,  in  other  words,  steady  direct  motion  in  round  tubes  is  stable  or  unstable 
according  as 

p  ^^  >  1900  or  <  2000, 

the  number  K  being  thus  a  criterion  of  the  possible  maintenance  of  sinuous 
or  eddying  motion. 

3.  The  experiments  also  showed  that  K  was  equally  a  criterion  of  the 
law  of  the  resistance  to  be  overcome — which  changes  from  a  resistance 
proportional  to  the  velocity,  and  in  exact  accordance  with  the  theoretical 
results  obtained  from  the  singular  solution  of  the  equation,  when  direct 
motion  changes  to  sinuous,  %.e.,  when 

4.  In  the  same  paper  I  pointed  out  that  the  existence  of  this  sudden 
change  in  the  law  of  motion  of  fluids  between  solid  surfaces  when 

P 
proved  the  dependence  of  the  manner  of  motion  of  the  fluid  on  a  relation 
between  the  product  of  the  dimensions  of  the  pipe  multiplied  by  the  velocity 
of  the  fluid,  and  the  product  of  the  molecular  dimensions  multiplied  by  the 
molecular  velocities  which  determine  the  value  of 

/* 

for  the  fluid,  also  that  the  equations  of  motion  for  viscous  fluid  contained 
evidence  of  this  relation. 

These  experimental  results  completely  removed  the  discrepancy  previously 
noticed,  showing  that,  whatever  may  be  the  cause,  in  those  cases  in  which 
the  experimental  results  do  not  accord  with  those  obtained  by  the  singular 
solution  of  the  equations,  the  actual  motions  of  the  water  are  different. 
But  in  this  there  is  only  a  partial  explanation,  for  there  remains  the 
mechanical  or  physical  signiflcance  of  the  existence  of  the  criterion  to  be 
explained. 

5.  [My  object  in  this  paper  is  to  show  that  the  theoretical  existence  of 
an  inferior  limit  to  the  criterion  follows  from  the  equations  of  motion  as 
a  consequence : — 

(1)  Of  a  more  rigorous  examination  and  definition  of  the  geometrical 
basis  on  which  the  analjrtical  method  of  distinguishing  between  molar- 
motions  and  heat-motions  in  the  kinetic  theory  of  matter  is  founded ;  and 
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(2)  Of  the  applifviUtm  uf  lliu  same  method  of  acaly^iH,  thu*s  ilefinitelj 
fouridcdi  to  di*!tia|(ui*sh  IxjIwmjou  mimii-muhir*mutions  and  relative-molar- 
motiotiH,  where,  as  In  the  case  of  steady-mean-flaw  along  a  pipe,  the  more 
rigoroii!!  definition  of  tho  gconietrical  basis  shows  the  niethod  to  be  strictly 
applicable,  and  in  other  Ctvses  where  it  i«  approxiiuately  applicable. 

The  geometrical  rehition  of  the  motions  respectively  indicated  by  the 
tenni*  mean-molar-, or  Mkan-MeaN-MotioN, and  relative-niolar-, or  RelatitE' 
MeaN-Mutidn,  boiuj^  esse  tit  Jul  ly  the  t>ame  iis.  the  relation  of  the  respective 
motitms  intlicatecl  by  the  terms  molar-,  or  ilKAN-MoTiuN,  and  relative-,  or 
Heat- Motion,  m  ti»ed  in  the  theory  of  ga^^, 

I  al»o  show  that  the  limit  to  the  criterion  ubtained  by  this  method  *tI 
aiml)'sis,  and  by  ititegmtiag  the  equation's  of  motion  in  space,  appears  n»  a 
(fmnietriml  limit  to  the  pt/sstble  simullaneoits  distrihiUion  of  certain  fpmt^tm 
in  i^pttce,  and  in  no  wise  depends  on  the  physical  significance  of  th^e  fjuau- 
titles.  Yet  the  physical  significance  of  these  quantities,  as  defined  in  the 
ei| nations,  becomes  so  elearly  expose<l  as  to  indicate  that  further  study  of 
the  equations  would  elucidate  the  properties  of  matter  and  mechanical 
principleii  in?olved,  and  so  be  the  means  of  explaining  what  has  hithexUt 
been  obscure  in  the  eomieetioti  between  thermodynamics  and  the  pHncipl^ 
of  meehanicii. 

The  geometrical  basis  of  the  method  of  analyd^iag^i^ibe 
theory  of  gases  has  hitherto  consisted : — 

(1)  Of  the  geometrical  pHnciple  that  the  motion  of  any  point  of  a 
mechanical  system  may,  at  any  instant,  be  abstracted  into  the  mean-motioii 
of  the  whole  system  at  that  instant,  and  the  motion  of  the  point  relative  to 
the  mean-motion  ;  and 

(2)  Of  the  assumption  that  the  component,  in  any  particular  direction, 
of  the  velocity  of  a  molecule,  may  be  abstracted  into  a  mean-component- 
velocity  (sjiy  u)  which  is  the  mean -component- velocity  of  all  the  molecules 
in  the  immediate  neighbourhood,  and  a  relative-velocity  (say  f ),  which  is 
the  dirt'erence  between  a  and  the  component- velocity  of  the  molecule*; 
a  and  f  being  so  relates!  that,  M  being  the  mass  of  the  molecule,  the 
integrals  of  (J/f ),  and  (J/iif ),  &c.,  over  all  the  molecules  in  the  immediate 
neighbourhi.Hxl  iire  zen.),  and  2)  [M  {a  +  f )-]  =  S  [J/(w*  +  f-)]t- 

The  geometrical  principle  (1)  has  only  been  used  to  distinguish  between 
the  energy  of  the  mean-motion  of  the  molecule,  and  the  energy  of  its  internal 
motions  taken  relatively  to  its  mciui-motion ;  and  so  to  eliminate  the  internal 
motions  from  all  further  geometrical  considerations  which  rest  on  the  as- 
sumption (^2). 


* 
I 


•  **  l\vuamical  Theorv  of  Gase^/*  Pkii.  Trans.,  1866,  p.  67. 
t  rhil,  TniH*.,  1866.  p.  71. 
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That  this  assumption  (2)  is  purely  geometrical,  becomes  at  once  obvious, 
when  it  is  noticed  that  the  argument  relates  solely  to  the  distribution  in 
space  of  certain  quantities  at  a  particular  instant  of  time.  And  it  appears 
that  the  questions  as  to  whether  the  assumed  distinctions  are  possible  under 
any  distributions,  and,  if  so,  under  what  distribution,  are  proper  subjects  for 
geometrical  solution. 

On  putting  aside  the  apparent  obviousness  of  the  assumption  (2),  and 
considering  definitely  what  it  implies,  the  necessity  for  further  definition  at 
once  appears. 

The  mean-component-velocity  (u)  of  all  the  molecules  in  the  immediate 
neighbourhood  of  a  point,  say  P,  can  only  be  the  mean-component-velocity 
of  all  the  molecules  in  some  space  (S)  enclosing  P,  u  is  then  the  mean- 
component-velocity  of  the  mechanical  system  enclosed  in  S,  and,  for  this 
system,  is  the  mean-velocity  at  every  point  within  S,  and,  multiplied  by  the 
entire  mass  within  S,  is  the  whole  component  momentum  of  the  system. 
But  according  to  the  assumption  (2),  u  with  its  derivatives  are  to  be  con- 
tinuous functions  of  the  position  of  P,  which  functions  may  vary  from  point 
to  point  even  within  S\  so  that  u  is  not  taken  to  represent  the  mean- 
component-velocity  of  the  system  within  8,  but  the  mean- velocity  at  the  point 
P.  Although  there  seems  to  have  been  no  specific  statement  to  that  effect, 
it  is  presumable  that  the  space  S  has  been  assumed  to  be  so  taken  that  P 
is  the  centre  of  gravity  of  the  system  within  S.  The  relative  positions  of  P 
and  S  being  so  defined,  the  shape  and  size  of  the  space  S  requires  to  be 
further  defined,  so  that  w,  &c.,  may  vary  continuously  with  the  position  of 
P,  which  is  a  condition  that  can  always  be  satisfied  if  the  size  and  shape  of 
S  may  vary  continuously  with  the  position  of  P. 

Having  thus  defined  the  relation  of  P  to  fi»  and  the  shape  and  size  of  the 
latter,  expressions  may  be  obtained  for  the  conditions  of  distributi<^»n  of  w,  for 
which  2  {M^)  taken  over  S  will  be  zero,  i.e.,  for  which  the  condition  of  mean- 
momentum  shall  be  satisfied. 

Taking  Si,  Ui,  &c.,  as  relating  to  a  point  Pi  and  8,  u,  &c.,  as  relating  to  P, 
another  point,  of  which  the  component  distances  from  Pj  are  x,  y,  z;  Pj  is 
the  c.G.  of  Si,  and  by  however  much  or  little  S  may  overlap  Si,  8  has  its 
centre  of  gravity  at  x,  y,  z,  and  is  so  chosen  that  u,  &c.,  may  be  continuous 
functions  of  x,  y,  z]  u  may,  therefore,  differ  from  Uj  even  if  P  is  within  Si, 
Let  u  be  taken  for  every  molecule  of  the  system  Sj.  Then  according  to 
assumption  (2),  2  {Mu)  over  Si  must  represent  the  component  of  momentum 
of  the  system  within  Si,  that  is,  in  order  to  satisfy  the  condition  of  mean- 
momentum,  the  mean-value  of  the  variable  quantity  u  over  the  system  8^ 
must  be  equal  to  Ui  the  mean-component- velocity  of  the  system  8i,  and  this 
is  a  condition  which,  in  consequence  of  the  geometrical  definition  ahready 
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tnentionrad,  cati  only  be  satmfiod  nrnjer  certain  distribiitioim  of  t*-     Forsiiioe 
it  is  a  COD  tin  nous  function   of  ^,  ff,  i,  M(u  —  i/,)   may   be   expressed  ^  %     i 
function  of  the  derivatives  of  u  at  P^  multiplied  by  corrL'^ijKjnding  powcB 
atid  products  of  .v,  y,  z,  and  again  by  M ;  atid  by  equating  the  integml  of  this 
fvmctiun  over  the  sjiace  ^^  to  zero,  a  definite  expre»8ion  is  obtained,  in  lerais     « 
of  the  liinit:^  imposed  on  x,  y,  2;  by  the  already-defined  t4|>ace  5,   for  Uie     ' 
geometrical  condition  as  to  the  diHtribution  of  u  undei*  which  the  condition  of 
njean-inomentuin  can  be  yatistiud. 

I 

Fruni  this  dt?Hnite  expn-js^Hion  it  appears,  a^  has  been  obvious  all  throogli 
the  argument,  that  the  comlition  is  satisfied  if  u  is  constant.  It  also  appt^^m 
that  there  are  certain  other  weUniefined  systems  of  distribution  for  which 
the  condition  is  strictly  satisfied,  and  tlmt  for  all  other  distribytions  of  u  the 
condition  of  mean 'mom  en  turn  can  only  be  approximately  ^iatisfied  to  a  degreg:  , 
for  which  definite  expressions  appear-  ^ 

Having  obtained  the  expn^asiou  for  the  condition  of  distribution  of  m,  sa 
as  to  satisfy  the  condition  of  mean-momentum,  by  means  of  the  eipreesioQ 
for  M{n  —  u'),  &e.p  expresBions  are  obtained  fV>r  the  conditions  as  lo  the 
tlistribution  of  f,  &c.|  in  order  that  the  integnib  over  the  spac4^  Si  of  the 
products  M  {u^X  &c.  may  be  zero  when  2  [i/(w— tij)]  =  0,  and  the  tx«i- 
ditions  of  luean-encrgy  satisfied  as  well  as  those  of  mean- momentum*  It 
then  appears  that  in  some  particular  case-s  of  distribution  of  n,  under  whidi 
the  condition  of  mean*momentuni  is  strictly  satisfied,  certain  cooditions  m 
to  the  distribntiou  of  f,  &c,  nmst  he  satisfied  in  order  that  the  cnergie.s  nf 
mean-  and  relative-motion  may  be  distinct.  These  conditions  as  to  the 
distribution  of  f,  &c.,  are,  however,  obviously  satisfied  in  the  case  of  heat- 
motion,  and  do  not  present  themselves  otherwise  in  this  paper. 

From  the  definite  geometrical  basis  thus  obtained,  and  the  definite 
expressions  which  follow  for  the  condition  of  distribution  of  ii,  c&c,  under 
which  the  method  of  analysis  is  strictly  applicable,  it  appears  that  this 
method  may  be  rendered  generally  applicable  to  any  system  of  motion  by  a 
slight  adaptation  of  the  meaning  of  the  symbols,  and  that  it  does  not 
necessitate  the  elimination  of  the  internal  motion  of  the  molecules,  as  has 
been  the  custom  in  the  theory  of  gases. 

Taking  u,  y,  w  to  represent  the  motions  (continuous  or  discontinuous)  of 
the  matter  passing  a  point,  and  p  to  represent  the  density  at  the  point,  and 
putting  w,  &c.,  for  the  mean-motion  (instead  of  u  as  above),  and  ii\  &c.,  for 
the  relative-motion  (instead  of  f  as  before),  the  geometrical  conditions  as  to 
the  distribution  of  u,  &c.,  to  satisfy  the  conditions  of  mean-momentum  and 
mean-energy  are,  substituting  p  for  A/,  of  precisely  the  same  form  as  before, 
and  as  thus  expressed,  the  theorem  is  applicable  to  any  mechanical  system 
however  abstract. 


62]  AND  THE  DETERMINATION   OF  THE   CRITERION.  541 

(1)  In  order  to  obtain  the  conditions  of  distribution  of  molar-motion, 
under  which  the  condition  of  mean-momentum  will  be  satisfied,  so  that 
the  energy  of  molar-motion  may  be  separated  from  that  of  the  heat- 
motion,  u,  &c.,  and  p  are  taken  as  referring  to  the  actual  motion  and  density 
at  a  point  in  a  molecule,  and  /S,  is  taken  of  such  dimensions  as  may  corre- 
spond to  the  scale,  or  periods  in  space,  of  the  molecular  distances,  then  the 
conditions  of  distribution  of  u,  under  which  the  condition  of  mean-momentum 
is  satisfied,  become  the  conditions  as  to  the  distribution  of  molar-motion, 
under  which  it  is  possible  to  distinguish  between  the  energies  of  molar- 
motions  and  heat-motions. 

(2)  And,  when  the  conditions  in  (1)  are  satisfied  to  a  suflScient  degree  of 
approximation  by  taking  u  to  represent  the  molar-motion  (u  in  (1)),  and  the 
dimensions  of  the  space  S  to  correspond  with  the  period  in  space  or  scale  of 
any  possible  periodic  or  eddying  motion,  the  conditions  as  to  the  distribution 
of  u,  &c.  (the  components  of  mean-mean-motion),  which  satisfy  the  condition 
of  mean-momentum,  show  the  conditions  of  mean-molar- motion,  under 
which  it  is  possible  to  separate  the  energy  of  mean-molar-motion  from  the 
energy  of  relative-molar-  (or  relative-mean-)  motion. 

Having  thus  placed  the  analytical  method  used  in  the  kinetic  theory  on 
a  definite  geometrical  basis,  and  adapted  so  as  to  render  it  applicable  to  all 
systems  of  motion,  by  applying  it  to  the  dynamical  theory  of  viscous  fluid, 
I  have  been  able  to  show :— Feb.  18,  1895.] 

(a)  That  the  adoption  of  the  conclusion  arrived  at  by  Sir  Gabriel  Stokes, 
that  the  dissipation  function  represents  the  rate  at  which  heat  is  pro- 
duced, adds  a  definition  to  the  meaning  of  w,  v,  w;— the  components  of  mean 
or  fluid  velocity — which  was  previously  wanting. 

(6)  That  as  the  result  of  this  definition  the  equations  are  true,  and  are 
only  true,  as  applied  to  fluid  in  which  the  mean-motions  of  the  matter, 
excluding  the  heat-motions,  are  steady. 

(c)  That  the  evidence  of  the  possible  existence  of  such  steady  mean- 
motions,  while  at  the  same  time  the  conversion  of  the  energy  of  these  mean- 
motions  into  heat  is  going  on,  proves  the  existence  of  some  discriminative 
cause,  by  which  the  periods  in  space  and  time  of  the  mean-motion  are 
prevented  from  approximating  in  magnitude  to  the  corresponding  periods 
of  the  heat-motions,  and  also  proves  the  existence  of  some  general  action  by 
which  the  energy  of  mean-motion  is  continually  transformed  into  the  energy 
of  heat-motion,  without  passing  through  any  intermediate  stage. 

(d)  That  as  applied  to  fluid  in  unsteady  mean-motion  (excluding  the 
heat-motions),  however  steady  the  mean  integral  flow  may  be,  the  equations 
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are  approximately  true  in  a  degree  which  iiici^ease^  with  the  mtiog  of 
magnitude**  of  the  p&riods,  in  time  and  space,  of  the  iiieati-motioti,  to 
mriguitude  of  the  correspooding  periods  of  the  hettt-motious. 

(e)  That  if  the  discritmjtaiwe  canae  and  the  action  of  tran^funjuitmn 
the  result  of  general  properties  of  matter,  and  itot  of  properties  which  affwt 
only  the  ultimate  motions,  there  must  exLst  evidence  of  similar  acti*>tts  as 
between  the  mean-iiiean-motion,  in  directious  of  mean- flow,  and  the  periodic 
mean-motions  taken  relative  to  the  meau-meau- motion  hut  excludiiig  heat'- 
motions.  And  that  f^uch  eYidence  must  be  of  a  genenvl  and  important  kiijct» 
such  as  the  unexplained  laws  of  the  resistance  of  fluid  motions,  the  law 
of  the  universal  dissipation  of  energy,  and  the  second  law  of  thermo- 
dynamics, 

(/)  That  the  geHet^ality  of  the  effects  of  the  properties  on  which  the 
mtioii  of  ti'am formation  depends,  m  proved  by  the  fact  that  resistance,  other 
than  pmportional  to  the  velocity,  is  caused  by  the  relative  (eddying)  mean- 
motion, 

(g)  That  tlie  existence  of  the  discnminative  cavse  is  directly  proved  bjrj 
the  existence  of  the  criterion ^  the  depondeucc  of  which  on  circumstaoeetl 
which  limit  the  magnitudes  of  the  periods  of  relatiYe-mean  motioa,  as  ei>m'.l 
piir€*d  with  the  heat-motion,  also  proves  the  generality  of  the  effects  of  thtl 
properties  on  which  it  depends. 

(h)  That  the  proof  of  iho  general ity  of  the  effects  of  the  properties 
on  which  the  discriminative  cause,  and  the  action  of  transformation  depend, 
shows  that — if  in  the  equations  of  motion  the  mean-mean-motion  is  dis- 
tinguished from  the  relative-mean-motion  in  the  same  way  as  the  mean- 
motion  is  distinguished  from  the  heat-motions — (1)  the  equations  must 
contain  expressions  for  the  transformation  of  the  energy  of  mean-mean- 
motion  to  energy  of  relative-mean-motion ;  and  (2)  that  the  equations,  when 
integrated  over  a  complete  system,  must  show  that  the  possibility  of  relative- 
mean-motion  depends  on  the  ratio  of  the  possible  magnitudes  of  the  periods 
of  relative-mean-motion,  as  compared  with  the  corresponding  magnitude  of 
the  periods  of  the  heat- motions. 

{%)  That  when  the  equations  are  transformed  so  as  to  distinguish 
between  the  mean-mean-motions,  of  infinite  periods,  and  the  relative-mean- 
motions  of  finite  periods,  there  result  two  distinct  systems  of  equations,  one 
system  for  mean-mean-motion,  as  affected  by  relative-mean-motion  and  heat- 
motion,  the  other  system  for  relative-mean-motion  as  affected  by  mean-mean- 
motion  and  heat-motions. 

(j)  That  the  equation  of  energy  of  mean-mean-motion,  as  obtained  from 
the  first  system,  shows  that  the  rate  of  increase  of  energy  is  diminished  by 
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conversion  into  heat,  and  by  transformation  of  energy  of  mean-mean-motion 
in  consequence  of  the  relative-mean-motion,  which  transformation  is  ex- 
pressed by  a  function  identical  in  form  with  that  which  expresses  the 
convei-sion  into  heat;  and  that  the  equation  of  energy  of  relative-mean- 
motion,  obtained  from  the  second  system,  shows  that  this  energy  is  in- 
creased only  by  transformation  of  energy  from  mean-mean-motion  expressed 
by  the  same  function,  and  diminished  only  by  the  convereion  of  energy  of 
relative-mean-motion  into  heat. 

(k)  That  the  difference  of  the  two  rates  (1)  transformation  of  energy  of 
mean -mean-motion  into  energy  of  relative-mean -motion  as  expressed  by  the 
transformation  function,  (2)  the  conversion  of  energy  of  relative-mean-motion 
into  heat,  as  expressed  by  the  function  expressing  dissipation  of  the  energy 
of  relative-mean-motion,  affords  a  discriminating  equation  as  to  the  conditions 
under  which  relative-mean-motion  can  be  maintained. 

(/)  That  this  discriminating  equation  is  independent  of  the  energy  of 
relative-mean-motion,  and  expresses  a  relation  between  variations  of  mean- 
raean-motion  of  the  first  order,  the  space  periods  of  relative-mean- motion, 
and  fji/p,  such  that  any  circumstances  which  determine  the  maximum  periods 
of  the  relative-mean-motion,  determine  the  conditions  of  mean-mean-motion 
under  which  relative-mean-motion  will  be  maintained,  that  is,  determine  the 
criterion. 

(m)  That  as  applied  to  water  in  steady  mean-flow  between  parallel 
plane  surfaces,  the  boundary  conditions,  and  the  equation  of  continuity, 
impose  limits  to  the  maximum  space  periods  of  relative-mean-motion,  such 
that  the  discriminating  equation  affords  definite  proof  that  when  an  in- 
definitely small  sinuous  or  relative  disturbance  exists,  it  must  fade  away  if 

pDUjn/^ 

is  less  than  a  certain  number,  which  depends  on  the  shape  of  the  section  of 
the  boundaries,  and  is  constant  as  long  as  there  is  geometrical  similarity. 
While  for  greater  values  of  this  function,  in  so  far  as  the  discriminating 
equation  shows,  the  energy  of  sinuous  motion  may  increase  until  it  reaches  to 
a  definite  limit,  and  rules  the  resistance. 

(n)  That  besides  thus  affording  a  mechanical  explanation  of  the  existence 
of  the  criterion  K,  the  discriminating  equation  shows  the  purely  geometrical 
circumstances  on  which  the  value  of  K  depends,  and  although  these  circum- 
stances must  satisfy  geometrical  conditions  required  for  steady  mean-motion 
other  than  those  imposed  by  the  conservations  of  mean-energy  and  momentum, 
the  theory  admits  of  the  determination  of  an  inferior  limit  to  the  value  of  K 
under  any  definite  boundary  conditions,  which,  as  determined  for  the  par- 
ticular case,  is 

517. 
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This  is  bolow  the  experimental  value  far  mtiiid  pipes,  and  is  about  half  what 
might  be  expected  to  be  the  experiniontiil  value  for  a  flat  pipe,  which  learea 
a  mai^t]  to  mt?©t  the  other  kinematical  oonditiuns  for  steady  mean-mean- 
motion. 

(o)  That  the  diserimitiating  equation  also  affords  a  definite  expreMioo 
for  the  resistanct%  which  proves  that,  with  smooth  fixed  boundarieft^,  the  cm- 
ditions  of  dynamical  similarity  under  any  geometrical  similar  circumsUnees 
depend  only  on  the  value  of 

P  #;.. 

whem  ft  is  one  of  the  lateral  dimensions  of  the  pipe  ;  and  that  the  expressioo 
for  this  resistance  ia  complex,  but  shows  that  above  the  critical  velocity  the 
relative-mean -iivotiou  is  limite<l,  and  that  the  resistancea  increase  as  a  power 
of  tho  veh^ity  higher  than  the  first. 


I 


Sbcttion  1L 

The  MBan-motion  and   Heat^motmns  as  dutinguuhed  h^  Periods. — Mmn' 
mBau-vwtion    and    Relative-m^in -motion. — Discriminative    Ca use    uni^ 
Action  of  Transformation. — Ttvo  Systems  of  Equations. — A  Discrimi- 
nating  Equation. 

6.     Taking   the   general  equations  of  motion    for  incompressible   fluid, 
subject  to  no  external  forces  to  be  expressed  by 

dw         [  d  ,  .      d  ,  X      d  .  A 

with  the  equation  of  continuity 

0  ^du/dx-\-dv/dy  ^dw/dz (2), 

where  pxx,  &c.,  are  arbitraiy  expressions  for  the  component  forces  per  unit  of 
area,  resulting  from  the  stresses,  acting  on  the  negative  faces  of  planes 
perpendicular  to  the  direction  indicated  by  the  first  suffix,  in  the  direction 
indicated  by  the  second  suffix. 


.(1), 


:> 
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Then  multiplying  these  equations  respectively  by  u,  w,  w,  integrating  by 
parts,  adding  and  putting 

2E  for  p{u^-\'^  +  w^) 

and  transposing,  the  rate  of  increase  of  kinetic  energy  per  unit  of  volume  is 
given  by 

du\ 


du 


V'aJZ.'^Py  j„ "^"P"  dz 


du 
'd^ 


dw 


dv 


dv 


dw         dw 


.(3). 


{"^P^d^-^Py^dy^^^dzl 

The  left  member  of  this  equation  expresses  the  rate  of  increase  in  the 
kinetic  energy  of  the  fluid  per  unit  of  volume  at  a  point  moving  with  the 
fluid. 

The  first  term  on  the  right  expresses  the  rate  at  which  work  is  being 
done  by  the  surrounding  fluid  per  unit  of  volume  at  a  point. 

The  second  terra  on  the  right  therefore,  by  the  law  of  conservation  of 
energy,  expresses  the  difference  between  the  rate  of  increase  of  kinetic 
energy  and  the  rate  at  which  work  is  being  done  by  the  stresses.  This 
diff'erence  has,  so  far  as  I  am  aware,  in  the  absence  of  other  forces,  or  any 
changes  of  potential  energy,  been  equated  to  the  rate  at  which  heat  is  being 
converted  into  energy  of  motion,  Sir  Gabriel  Stokes  having  first  indicated 
this*  as  resulting  from  the  law  of  conservation  of  energy  then  just  established 
by  Joule. 

7.  This  conclusion,  that  the  second  term  on  the  right  of  (3)  expresses 
the  rate  at  which  heat  is  being  converted,  as  it  is  usually  accepted,  may  be 
correct  enough,  but  there  is  a  consequence  of  adopting  this  conclusion  which 
enters  largely  into  the  method  of  reasoning  in  this  paper,  but  which,  so  far  as 
I  know,  has  not  previously  received  any  definite  notice. 

*  Cambridge  Phil.  Trafu.,  vol.  ix.  p.  57. 
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r/i^  Componmit   Velocities  in  the  Equations  &/  Vimoits  IH-uuh. 

In  no  CHfle,  that  I  am  aware  of»  ha.%  any  ver}'  strict  definition  of  n,  p,  i 
tm  thay  occur  in  the  oquatiotifi  of  motion,  been  attempted.  They  aj^e  tisii&Ur^ 
ilivBtiCKl  lyi  the  volocities  of  a  particle  at  a  point  (x,  y*  z)  of  the  0iiitL  which 
may  mmui  that  they  are  the  actual  component-velocitiea  of  the  point  in  the 
rnatkT  f)tii«iDg  at  the  itistaiiti.  or  that  they  are  the  meau-velocities  of  aJl  the 
matter  in  mme  sp&oe  enelosmg  the  point,  or  which  pafises  the  p>int  in 
an  interval  of  time.  If  the  first  view  k  taken,  then  the  right-hand  member 
of  the  equation  represeate  the  rate  of  increase  of  kinetic  energy,  per  unit  of 
volume,  in  the  tnattar  at  the  [Kiint ;  and  the  integml  of  this  exprei^on  o?er 
any  finite  apaco  S,  tnoviiig  wilJi  the  fluid»  represents  the  trotal  rate  of  increase 
nf  kiiMtic  eoBigJt  inchiding  heat-motion,  within  that  space ;  hence  the  differ- 
tDoe  bcMfcei  tibm  laleal  which  work  is  done  on  the  surface  of  S,  and  the  rate 
at  wUck  ISMlb  OMigy  is  increasing  can,  by  the  law  of  conservation  of  enei^, 
only  repft^iil  tike  zate  s(  which  1  hat  part  of  the  heat  which  doee  110I  oonfiist 
m  tiniii(  Mttfv  of  matl^'r  i»  Wing  pnxluced,  whence  it  follows : — 

9f  iks  cwdmsim  thai  ths  Mecmtd  Urm  in  eqtiatim 
m  mUdk  hmi  »  bmn^  cmmisd,  defif^es  u,  r,  te^,  m  mi 
^•mlociiim  41^ points  in  tAe  pasnfig  nmii^. 

if  il  id  iMMJijimiiiiil  tliat  tt,  9,  w,  rept^eeent  the  mean  velocitiei 
|S  -  *i»e  !ip*ce,  t*nclositig  x,  v^  ^^  ^^e  p<>int  consiflered,  or  tht? 

'jfcKxut-^Vi^viuvci  AC  cA  ^viut  taken  over  a  certain  interval  of  time,  so  that 
i,^*\  i  ^-^<V  ^{p(^')  may  express  the  components  of  momentum,  aod 
^v.^i-  f4^\^^*c\  Jcc,  &c.,  may  express  the  components  of  moments  of 
itK'^»KH45um>  of  the  matter  over  which  the  mean  is  taken ;  there  still  remalDs 
>Ik^  v^u\^fiK>u  as  to  what  spaces  and  what  intervals  of  time. 

^)\  Hfff*ce  the  comlusion  that  the  second  term  expresses  the  rate  of  conver- 
^^v^  s//^  ^^'^  de^fif^es  the  spaces  and  intervals  of  time  over  which  tht  mean- 
^-yf^jfiUK^/^^Ht-i^locities  must  he  taken,  so  that  E  may  include  all  the  en^gy  0/ 
^^^^^-fHotiony  and  exclude  that  of  heat-motions. 


tiei  cl^ 


Kq^itions  Approaimate  only  except  in  Three  Particular  Cases. 

sS.  According  to  the  reasoning  of  the  last  article,  if  the  second  term  on 
|Jho  ri^ht  of  equation  (3)  expresses  the  rate  at  which  heat  is  being  converted 
into  tmorgy  of  mean-motion,  either  pu,  pv,  piu  express  the  mean  components 
•4"  momentum  of  the  matter,  taken  at  any  instant  over  a  space  S^  enclosing 
i^m  punt'  J.  y,  Zy  to  which  u,  v,  w  refer,  so  that  this  point  is  the  centre  of 
>%%y  of  t  he  matter  within  ^'0  and  such  that  p  represents  the  mean  density 
ti  nuitN'r  within  this  space;  or  pw,  pVy  pw  represent  the  mean  components 
iiuiiciitum  taken  at  x,  y,  2  over  an  interval  of  time  t,  such  that  p  is 
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the  mean  density  over  the  time  t,  and  if  t  marks  the  instant  to  which  u,  v,  w 
refer,  and  t'  any  other  instant,  2  [(t  -  If)  p],  in  which  p  is  the  actual  density, 
taken  over  the  interval  t  is  zero.  The  equations,  however,  require,  that  so 
obtained,  p,  u,  v,  w  shall  be  continuous  functions  of  space  and  time,  and 
it  can  be  shown  that  this  involves  certain  conditions  between  the  distribution 
of  the  mean-motion  and  the  dimensions  of  S^  and  r. 


Mean-  and  Relative-motions  of  Matter, 

Whatever  the  motions  of  matter  within  a  fixed  space  S  may  be  at  any 
instant,  if  the  component- velocities  at  a  point  are  expressed  by  u,  v,  w,  the 
mean-component-velocities  taken  over  S  will  be  expressed  by 

"-i^''*-^'*- » 

If  then  u,  V,  w  are  taken  at  each  instant  as  the  velocities  of  x,  y,  z,  the 
instantaneous  centre  of  gravity  of  the  matter  tvithin  S,  the  component 
momentum  at  the  centre  of  gravity  may  be  put 

pu  =  pu-\-  pu (5), 

where  u'  is  the  motion  of  the  matter,  relative  to  axes  moving  with  the  mean 
velocity,  at  the  centre  of  gravity  of  the  matter  within  S,  Since  a  space  S  of 
definite  size  and  shape  may  be  taken  about  any  point  x,  y,  z  in  an  indefinitely 
larger  space,  so  that  x,  y,  z  is  the  centre  of  gravity  of  the  matter  within  iS, 
the  motion  in  the  larger  space  may  be  divided  into  two  distinct  systems  of 
motion,  of  which  w,  u,  w  represent  a  mean-motion  at  each  point  and  n\  v\  w 
a  motion  at  the  same  point  relative  to  the  mean-motion  at  the  point. 

If,  however,  u,  v,  w  are  to  represent  the  real  mean-motion,  it  is  necessary 
that  2 (/)ti'),  2 {pv\  2 (/:m^')  summed  over  the  space  S,  taken  about  any  point, 
shall  be  severally  zero ;  and  in  order  that  this  may  be  so,  certain  conditions 
must  be  fulfilled. 

For  taking  x,  y,  z,  for  G,  the  centre  of  gravity  of  the  matter  within  S,  and 
X,  y',  /  for  any  other  point  within  S,  and  putting  a,  i,  c  for  the  dimensions 
of  S  in  directions  x,  y,  z,  measured  from  the  point  x,  y,z\  since  u,  v,  w 
are  continuous  functions  of  x,  y,  z  by  shifting  S  so  that  the  centre  of  gravity 
of  the  matter  within  it  is  at  x ,  y\  z\  the  value  of  u  for  this  point  is  given  by 

..«,.K-.)©^.(/-„(|X.(.-.)(gX.i(^-.).(S)„ 

+  &c (6), 

where  all  the  differential  coefficients  on  the  left  refer  to  the  point  x,  y,  z\  and 
in  the  same  way  for  v  and  w. 

Subtracting  the  value  of  u  thus  obtained  for  the  point  x\  y',  z\  from  that 

35—2 
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of  it  at  the  miM*^  |>oint  the  ditiereiice  m  the  vnhie  of  ti  at  thiB  point,  whetK^  ; 
aumming  the^c  diff!*reiice.H  over  the  spjv^e   iS*  about  G  at  ^»   y,  r^  dnce  bj^ 
definition  when  mimmed  over  the  space  S  about  G 

^[p(tf-ug)]=Q  and  S[p(jf-a;)]^Q  ..........  (7K 

+  J^[-.('-^)'l(£),*'«'-H....,8.l 
That  IB 

In  the  sarae  way  if  S  be  taken  over  the  interval  of  time  r  tneludiBg  i ; 
and  ftir  the  iaataat  t 


then  i^iice  for  any  other  instaot  t* 

«^«,+((-n(f),4.ia-n'(g)^  +  &c.. 

"where  tip  it-  f)]  =  0.  and  2  [p  («,  -  «)]  =  0. 
It  appears  that 


2(P!0is<_i,.fS^.  &e. 


(8B). 


From  equations  (8a)  and  (8b),  and  similar  equations  for  2(/>r')  and 
S  (pw),  it  appears  that  if 

S  (/>w')  =  2  (pv)  =  2  (/^O  =  0, 

where  the  summation  extends  both  over  the  space  S  and  the  interval  t,  all 
the  terms  on  the  right  of  equations  (8a)  and  (8b)  must  be  respectively  and 
continuously  zero,  or,  what  is  the  same  thing,  all  the  differential  coefficients 
of  n,  V,  w  with  respect  to  x,  y,  z  and  t  of  the  first  order  must  be  respectively 
constant. 

This  condition  will  be  satisfied  if  the  mean-motion  is  steady,  or  uniformly 
varying  with  the  time,  and  is  everywhere  in  the  same  direction,  being 
subject  to  no  variations  in  the  direction  of  motion ;  for  suppose  the  direction 
of  motion  to  be  that  of  x,  then  since  the  periodic  motion  passes  through  a 
complete  period  within  the  distance  2a,  S(pw')  will  be  zero  within  the 
Bpacc 

2a  .  dy  .  dz, 
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however  small  dy .  dz  may  be,  and  since  the  only  variations  of  the  mean- 
motion  are  in  directions  y  and  z,  in  which  6  and  c  may  be  taken  zero,  and 
dujdt  is  everywhere  constant,  the  conditions  are  perfectly  satisfied. 

The  conditions  are  also  satisfied  if  the  mean-motion  is  that  of  uniform 
expansion  or  contraction,  or  is  that  of  a  rigid  body. 

These  three  cases,  in  which  it  may  be  noticed  that  variations  of  mean- 
motion  are  everywhere  uniform  in  the  direction  of  motion,  and  subject  to 
steady  variations  in  respect  of  time,  are  the  only  cases  in  which  the  condi- 
tions (8  a),  (8b),  can  be  perfectly  satisfied. 

The  conditions  will,  however,  be  approximately  satisfied,  when  the 
variations  of  li,  ii,  w  of  the  first  order  are  approximately  constant  over  the 
space  S, 

In  such  case  the  right-hand  members  of  equations  (8  a),  (8  b),  are 
neglected,  and  it  appears  that  the  closeness  of  the  approximations  will  be 
measured  by  the  relative  magnitude  of  such  terms  as 

d*u    o  d^  ,      da     du 

"  d^ '  ^■'  ■"  d?  ^  compared  with  ^ ,    ^-  .  &c. 

Since  frequent  reference  must  be  made  to  these  relative  values,  and,  as 
in  periodic  motion,  the  relative  values  of  such  terms  are  measured  by  the 
period  (in  space  or  time)  as  compared  with  a,  b,  c  and  r,  which  are,  in  a 
sense,  the  periods  of  u\  v\  w\  I  shall  use  the  term  period  in  this  sense,  taking 
note  of  the  fact  that  when  the  mean-motion  is  constant  in  the  direction  of 
motion,  or  varies  uniformly  in  respect  of  time,  it  is  not  periodic,  i.e.,  its 
periods  are  infinite. 

9.  It  is  thus  seen  that  the  closeness  of  the  approximation  with  which 
the  motion  of  any  system  can  be  expressed  as  a  varyiug  mean-motion 
together  with  a  relative-motion,  which,  when  integrated  over  a  space  of 
which  the  dimensions  are  a,  5,  c,  has  no  momentum,  increases  as  the  magni- 
tude of  the  periods  of  «,  v,  id  in  comparison  with  the  periods  of  u\  v\  w\  and 
is  measured  by  the  ratio  of  the  relative  orders  of  magnitudes  to  which  these 
periods  belong. 

Heat-tnotions  in  Mattel'  are  Approximately  Relative  to  the  Mean-nwtions. 

The  general  experience  that  heat  in  no  way  affects  the  momentum  of 
matter,  shows  that  the  heat-motions  are  relative  to  the  mean-motions  of 
matter  taken  over  spaces  of  sensible  size.  But,  as  heat  is  by  no  means  the 
only  state  of  relative-motion  of  matter,  if  the  heat- motions  are  relative  to 
all  mean-motions  of  matter,  whatsoever  their  periods  may  be,  it  follows — 
that  there  must  be  some  diacnviinative  cause  which  prevents  the  existence 
of  relative-motions  of  matter  other  than  heat,  except  mean-motions  with 
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pmods  in  time  ftud  spaces  of  greatly  higher  ordm^  of  magmtude  ihm 
IIhi  eiiitv^FpuiMliQg  perif:ids  of  the  htkat*niotio&s — otherwise,  by  squataM 
(84X  {^\  hwi-liMltioiis  could  not  be  to  a  high  degree  of  approxim&liaB 
reUltve  to  all  other  taoliooe,  and  we  could  not  hare  to  a  high  degree  of 
a|i|ifo3tiii]alioii» 

dv  du 


p«rfi+i^5^+i'«S 


=  -^(P^) 


...  (9), 


rfw  .        diif  ,        rfwl 


Wberi^  the  ej£prei«8ioii  on  the  right  stands  for  the  rate  at  which  heat  is  ocm- 
'Hitied  itiUi  eiiei-gy  of  tnom^moUoEi. 


I 


TSnims/m^maim*   0/  Emrffg  of   Relaiif^ihnmm'motuM  ta   Energy   0/  Beat- 

10*  Thi3  recognition  of  the  existeDce  of  a  discinimnaiive  cammt  wiMi 
preTontj^  tho  existence  of  n^lativtvmetin-inotiona  with  periods  of  the  mmG 
Older  of  magnituily  as  heat-motions,  proves  the  existence  of  another  geuenil 
action  by  which  the  energy  of  rclative-mean-motian,  of  which  the  peri*)dff| 

Are  nf  another  atid  higlier  oi\ler  nf  inaguittide  than  those  of  the  heat-motitiiis. 
is  transfoimed  to  energy  of  heat-motion. 

For  if  relative-mean-niotions  cannot  exist  with  periods  approximating  to 
those  of  heat,  the  conversion  of  energy  of  mean-motion  into  energy  of  heat, 
proved  by  Joule,  cannot  proceed  by  the  gradual  degradation  of  the  periods 
of  mean-motion  until  these  periods  coincide  with  those  of  heat,  but  must,  in 
its  final  stages,  at  all  events,  be  the  result  of  some  action  which  causes  the 
energy  of  relative-mean-motion  to  be  transformed  into  the  energy  of  heat- 
motions,  without  intermediate  existence  in  states  of  relative-motion,  with 
intermediate  and  gradually  diminishing  periods. 

That  such  change  of  energy  of  mean-motion  to  energy  of  heat  may  be 
properly  called  transformation,  becomes  apparent  when  it  is  remembered 
that  neither  mean -motion  nor  relative-motion  has  any  separate  existence, 
but  arc  only  abstract  quantities,  determined  by  the  particular  process  of 
abstraction,  and  so  changes  in  the  actual-motion  may,  by  the  process  of 
iibstraction,  cause  transformation  of  the  abstract  energy  of  the  one  abstract- 
motion,  to  abstract  energy  of  the  other  abstract-motion. 

All  Huch  transformation  must  depend  on  the  changes  in  the  actual-motions, 
IH)  unist  depend  on  mechanical  principles  and  the  properties  of  matter, 
ht*iitrt!  the  direct  passage  of  energy  of  relative-mean-motion  to  energy  of 
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heat-motions  is  evidence  of  a  general  cause  of  the  condition  of  actual- 
motion  which  results  in  transformation — which  may  be  called  the  cause  of 
transformation. 

The  Discriminative  Cause,  and  the  Cause  of  Transforinaiion. 

11.  The  only  known  characteristic  of  heat-motions,  besides  that  of  being 
relative  to  the  mean-motion,  already  mentioned,  is  that  the  motions  of 
matter  which  result  from  heat  are  an  ultimate  form  of  motion  which  does 
not  alter  so  long  as  the  mean-motion  is  uniform  over  the  space,  and  so  long 
as  no  change  of  state  occurs  in  the  matter.  In  respect  of  this  characteristic, 
heat-motions  are,  so  far  as  we  know,  unique,  and  it  would  appear  that  heat- 
motions  are  distinguished  from  the  mean-motions  by  some  ultimate  properties 
of  matter. 

It  does  not,  however,  follow  that  the  cause  of  transformation,  or  even  the 
discriminative  cause,  are  determined  by  these  properties.  Whether  this  is 
so  or  not  can  only  be  ascertained  by  experience.  If  either  or  both  these 
causes  depend  solely  on  properties  of  matter  which  only  affect  the  heat- 
motions,  then  no  similar  effect  would  result  as  between  the  variations  of 
mean-mean-motion  and  relative-mean-motion,  whatever  might  be  the 
difference  in  magnitude  of  their  respective  periods.  Whereas,  if  these 
causes  depend  on  properties  of  matter  which  affect  all  modes  of  motion, 
distinctions  in  periods  must  exist  between  mean-mean-motion  and  relative- 
mean-motion,  and  transformation  of  energy  take  place  from  one  to  the  other, 
as  between  the  mean-motion  and  the  heat-motions. 

The  mean-mean-motion  cannot,  however,  under  any  circumstances  stand 
to  the  relative-mean-motion  in  the  same  relation  as  the  mean-motion  stands 
to  the  heat-motions,  because  the  heat-motions  cannot  be  absent,  and  in 
addition  to  any  transformation  from  mean-mean-motion  to  relative-mean- 
motion,  there  are  transformations  both  from  mean-  and  relative-mean-motion 
to  heat-motions,  which  transformation  may  have  important  effects  on  both  the 
transformation  of  energy  from  mean-  to  relative- mean-motion,  and  on  the 
discriminative  cause  of  distinction  in  their  periods. 

In  spite  of  the  confusing  effect  of  the  ever  present  heat-motions,  it  would, 
however,  seem  that  evidence  as  to  the  character  of  the  properties  on  which 
the  cause  of  transformation  and  the  discriminative  cause  depend,  should  be 
forthcoming  as  the  result  of  observing  the  mean-  and  relative-mean-motions 
of  matter. 

12.  To  prove  by  experimental  evidence  that  the  effects  of  these 
properties  of  matter  are  confined  to  the  heat-motions,  would  be  to  prove  a 
negative ;  but  if  these  properties  are  in  any  degree  common  to  all  modes  of 
matter,  then  at  first  sight  it  must  seem  in  the  highest  degree  improbable 
that  the  effects  of  these  causes  on  the  mean-  and  relative-mean-motions 
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woaid  b^  olwau^  and  oalj  (a  be  ubserved  by  delioit^  totii^  For  properti^ 
wbkb  am  oa^  £fltiictioci3  betveea  the  me&ti-  and  heai*inatiaDss  of  matter 
Ad  fondAtDeiilal  and  general,  Ihai  from  the  time  th^  motiocis  were  fim 
rec^igDi^sed  die  dUliiieliim  ham  been  aoQep&ed  aa  part  of  the  onler  of  OAtuitv 
atid  has  been  ao  ^miliar  to  lu  that  iki  cause  hm  exdtj&d  no  curifMitj,  umA 
if  the  J  have  any  effect  at  ail,  cau^  efftfct**  which  are  gen  em)  and  Importatil 
00  the  meaQ^motioria  of  mailer.  It  would  thiii  sieem  that  evidence  of  tfa# 
ganefal  eAeeta  of  tcueh  propertaea  should  be  sought  in  those  lawi<;  mid 
pbeoQiiiefia  ktiown  to  ilh  a^  the  result  of  experience,  but  of  which  no  rational 
ejEplauatioD  hns  hitherto  been  found;  such  m  the  law  that  the  resistanct 
of  Ami»  moving  between  stolid  mirfHcu'*  nud  of  fu>Hdg  moving  throtigh  flddlk 
m  iOfih  a  manner  that  the  geiiej-al^nvotiuo  i^i  not  periodic,  m  an  the  m]uan3  of 
the  velocities,  the  evidence  covered  by  the  law  of  the  nuiveiisal  tondeocy  oi 
all  erieigy  to  disdpation,  and  the  second  law  of  thermodyoamics. 


1 
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IS.  In  oomiideiing  the  first  of  the  tns^tane^  meotioued,  it  will  be 
that  the  evidence  it  afFoni»  as  to  the  geaeral  effect  of  the  pmtpertieii  €0 
which  depends  transfonnatiou  of  energy  from  mean-  to  relative-mtitioD,  ii 
very  direct.  For,  since  my  experiments  with  raslour  bands  have  shown  that 
when  the  re^i^taiice  of  tiuids,  in  steady  mean  flow,  varies  with  a  power  of 
the  velocity  higher  than  the  firat,  the  fluid  m  always  in  a  state  of  sinuous 
motion,  it  ap]>ear»  that  tho  prevalence  of  such  resistance  m  evidence  of  the 
existence  of  a  general  action,  by  which  enei^y  of  mean-mcan-oiotion,  with 
infinite  peri<xli4.  iw  directly  transfoniied  to  the  energy  of  relative-nieaii- 
motion,  with  finite  periods,  represented  by  the  eddying  motion,  which 
renders  the  general  mean-motion  sinuous,  by  which  transformation  the  state 
of  eddyiug- motion  is  maintained,  notwithstanding  the  continual  transforma- 
tion of  its  energy  into  heat-motions. 

We  have  thus  direct  evidence  that  properties  of  matter  which  determine 
the  Ciiusc  of  transformation,  produce  general  and  important  effects  which 
are  not  confined  to  the  heat-motions. 

In  the  same  way,  the  experimental  demonstration  I  was  able  to  obtain, 
that  relative-mean-motion  in  the  form  of  eddies  of  finite  periods,  both  as 
shown  by  colour  bands  and  as  shown  by  the  law  of  resistances,  cannot  be 
maintained  except  under  circumstances  depending  on  the  conditions  which 
determine  the  superior  limits  to  the  velocity  of  the  mean-mean-motion,  of 
infinite  periods,  and  the  periods  of  the  relative-mean-motion,  as  defined  iu 
the  criterion 

nuj^^=K (10), 

is  not  only  a  direct  experimental  proof  of  the  existence  of  a  discriminative 
cause  wliich  prevents  the  maintenance  of  periodic  mean-motion  except  with 
periods  greatly  in  excess  of  the  periods  of  the  heat-motions,  but  also  indicates 
tluit  the  discriminative  Ciiuse  depends  on  properties  of  matter  which  affect 
the  mean-motions  as  well  as  the  heat-motions. 
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Expressions  for  the  Rate  of  Transformation  and  the  Discriminative  Cause. 

14.  It  has  already  been  8ho\yn  (Art.  8)  that  the  equations  of  motion 
approximate  to  a  true  expression  of  the  relations  between  the  mean-motions 
and  stresses,  when  the  ratio  of  the  periods  of  mean-motions  to  the  periods  of 
the  heat-motions  approximates  to  infinity.  Hence  it  follows  that  these 
equations  nmst  of  necessity  include  whatever  mechanical  or  kinematical 
principles  are  involved  in  the  transformation  of  energy  of  mean-mean- 
motion  to  energy  of  relative-mean-motion.  It  has  also  been  shown  that 
the  properties  of  matter,  on  which  depends  the  transformation  of  energy  of 
varying  mean-motion  to  relative-motion,  are  common  to  the  relative-mean- 
motion  as  well  as  to  the  heat-motion.  Hence,  if  the  equations  of  motion  are 
applied  to  a  condition  in  which  the  mean-motion  consists  of  two  components, 
the  one  component  being  a  mean-mean- motion,  as  obtained  by  integrating 
the  mean-motion  over  spaces  Si  taken  about  the  point  x;  y,  z,  as  centre  of 
gravity,  and  the  other  component  being  a  relative-mean-motion,  of  which  the 
mean  components  of  momentum  taken  over  the  space  Si  everywhere  vanish, 
it  follows : — 

(1)  That  the  resulting  equations  of  motion  must  contain  an  expression  for 
the  rate  of  transformation  from  energy  of  mean'mean-motion  to  energy  of 
relative-mean'motion,  as  well  as  the  expressions  for  Vie  transformation  of  the 
respective  energies  of  mean-  and  relative-mean-motion  to  energy  of  heat- 
motion, 

(2)  That,  when  integrated  over  a  complete  system  these  eqimtions  must 
show  that  the  possibility  of  the  maintenance  of  the  energy  of  relative-mean- 
motion  depends,  whatsoever  may  he  the  conditions,  on  the  possible  order  of 
magnitudes  of  the  periods  of  the  relative-mean-motion,  as  compared  with  the 
periods  of  the  heat-motions. 


The  Equations  of  Mean-  and  Relative-mean-motion, 

15.  These  last  conclusions,  besides  bringing  the  general  results  of  the 
previous  argument  to  the  test  point,  suggest  the  manner  of  adaptation  of  the 
equations  of  motion,  by  which  the  test  may  be  applied. 

Put  u  =  w  +  w',    t;  =  i;  +  v',    w^w-\-w' (11), 

where  tt=^~^,&c.,  &c (12), 

the  summation  extending  over  the  space  Si  of  which  the  centre  of  gravity  is 
at  the  point  a?,  y,  z.    Then  since  m,  v,  w  are  continuous  functions  of  x,  y,  z, 


KM     THE  DTifjuaimt.  thbdkt  or  OK^vpfi^ssiGLe  vlscocts  rLvim     [U 

th&fwinfr  tti  f,  w,  ami  u\  w\.  mf,  mx^  eautinnmi^  fuiictioiis  of  ,r,  y,  ^.  And  as  ^ 
fa  MnffiToed  oQiiEl»al»  the  cqnAtioiis  vf  eaolintuty  far  the  two  systems  uT 
moltoii  uv: 


dts     djf     ds  ~  S     dy     dx  ~    ' 


.(18); 


aliD  both  sjf-stemi  of  matiocis  muii  w^ih^fy  the  bouudar)'  c^ondttiQas,  whakvtir 


Fmiher  jnitliiig  jii^,  ^,  fbr  tlM  OK 
Ihe  ifiacfi  S|  and 


miMi  df  th^  BiresBc^  takeii  oicf 


.(14). 


liilMhitog^  to  be  siieh  thai  the  spaeu  i-ati&lionA  i>f  u,  r,  icf  iirt^  approsiniEtdj 
i!«oii<iiaiil  tt¥er  this  s]Mae,  we  hmm,  patlitig  ii^\  &c„  for  the  mt^an  valtje^  of  the 
i!i|iiares  and  prodiicti^  of  the  aomponentia  of  relativ^-meaji-motiDn,  fur  the 
equiUtoti^  of  liieati-aieiui-tflQtiou, 

d  ^        —       —0 

which  ei]ualions  are  approxiinat'ely  true  at  every  point  in  the  same  sense  iis 
that  in  which  the  equations  (1)  of  mean-motion  are  true. 

Subtracting  the^^  ei]uatious  of  mean-mean-motion  from  the  equations  of 
mean-motion,  we  have 


I 


}■ 


-f  [p'rx  f  p  (ww'  +  un)  +  p  {u'u  -  uu)] 
P    !!  =-^  -^  ^  [p^-^  p{tiv  -h  uv)  -h  p  {uv  -Vi')]    j.&e,  &c....(16), 


+  y    [p'zx  +  P  U''^''  +  n'lr)  +  p  {uw'  -  uiv')] 


which  are   the  equations  of  momentum    of  relative-mean-motion    at   each 
point. 

Agiiin.    multiplying    the    ei]uations    of   mean-mean-motion    by    u,   »,  w 
respectively,  tuiding  and  putting  :Ji?  =  p(fr-|- t^  +  tr^),  we  obtain 
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d\  « 


(-— --4-"  —  4-"— -•-■"       \  F 
dt        dx       dy       dz) 


dy 


=  -  •(+  ^  [»(;>«»  +  P»'«')]  +  ^  [»  (Pw  +  P»'»')]  +  ^  [w  (^,^  +  p  v'w')] 


y 


J  J  J  


_    du     ^    du 


du\ 


P^-d^-^Pr^Ty'^P-^Tz 


Gur  ay  a^r 


dy 


-  dw    _    cfu;  .  _   d/w 


+P« 


do; 


+l>y.d^+l>; 


+j>.£+ft,§+j>,|^+H+»|+»|+»^!}-<"'' 


d^^ 


.  -7-/cRl>  .  —r-fdw    -T-,dw 
+w  u  -J-  +w  V  -J-  +w  w  ^— 
ax  dy  dz  ' 


which  is  the  approximate  equation  of  energy  of  niean-mean-motion  in  the 
same  sense  as  the  equation  (3)  of  energy  of  mean-motion  is  approximate. 

In  a  similar  manner  multiplying  the  equations  (16)  for  the  momentum  of 
relative-mean-motion  respectively  by  u,  v\  w,  and  adding,  the  result  would 
be  the  equation  for  energy  of  relative-mean-motion  at  a  point,  but  this  would 
include  terms  of  which  the  mean  values  taken  over  the  space  Si  are  zero,  and, 
since  all  corresponding  terms  in  the  energy  of  heat  are  excluded,  by  sum- 
mation over  the  space  Sq  in  the  expression  for  the  rate  at  which  mean-motion 
is  transformed  into  heat,  there  is  no  reason  to  include  them  for  the  space  Si ; 
so  that,  omitting  all  such  terms  and  putting 

2^  =  p(Z^-|-7«+t(/») (18), 


we  obtain 
fd 


\dt        dx       dy        dz) 


d   ^  ^  d\  j^, 


^    ^KO*'*-  +P«'»')]  +!,[«'  ^P'y  +^''^)]  +£kO''«  +P»'«'')] 

,  +  i  t"''  ^P '"  +  ''*^"'^1  +  I?  ^"^  ^P'"'  +  '^'"'^^  +  ^  f«^  <P'»  +  '^"''^^ 

'      -!-,  du       -n  du  ,    -r—,  du  i 
puu^+puv   ^+puw   ^' 


/      ,    du'       ,    du'       ,    du'\ 


j.J^W     '^"'j.^'      ^^'j.^'     ^^  \.      J 


,    An/       ,    du/  .     ,  du/ 

■^P^-d^^Py^dy+P-dif 


dy 

dv/ 
dy 


—r-,  dv        -n  dv    ,    -7-,  dv 
+  pvu  ^+pvv   ^+p,/v/  ^ 

+  pyu^  +  pv/v^  +  pv/i>/^j 

(19). 
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where  only  the  mcau  value^^  over  the  ^p^oe  jS|,  of  the  expressions  in  th 
right  raeniber  are  takoii  lato  account 

Thtyi  is  fcht*  iHiimtitm  for  the  mean  rate,  over  the  .spice  Si ,  of  change  in 
the  onergy  of  rulative-iiieaii^iiiotioii  }>er  unit  of  volume. 

It  may  be  noticed  that  the  rate  of  changi*  in  the  eaei^gy  of  mean-mcsn- 
motion,  topethur  with  the  me^in  rate  of  change  in  the  energy  of  relative* 
mean*motiou.  must  be  the  total  mean-rate  of  change  in  the  energy  of 
meaa*motion,  ami  that  by  iidding  the  equationb  (IT)  and  (10)  the  remitl 
m  the  same  as  k  obtained  from  the  ecjiiation  (:J)  of  energy  of  mean-motioo 
by  omitting  all  terms  which  have  no  mean  value  as  summed  over  %h& 
space  Si* 

Ttie  E^tpf'msiotis  fur  Trans/oniuiHoa  of  En^tyy  ffvm  Mean-nwan-motmR  b 

Relalim-insan-moHon. 


.re 

iilH 


16.     When  equation;^  (17)  and  (19)  are  added  together,  the  only  ex] 
moim  that  do  not  appesir  in  the  et|  nation  of  meau-energy  of  nieHn*motJon  are 
the  last  termi^  on  the  right  of  each  of  the  equationa,  which  are  identical  iii^ 
fonn  and  opposite  in  sign, 

The^  term0,  which  thus  reprci^ont  no  change  in  the  total  enei^ 
ntean-motion,  can  only  represent  a  tmnHformation  from  energy  of  m^m- 
nu'?Ln-iiif>tit>ii  tM  i^nergy  of  relativL-inoan-iiiiition.  And  as  they  are  the  only 
expressions  which  do  not  form  part  of  the  general  expression  for  the  rate 
of  change  of  the  mean  energy  of  mean-motion,  they  represent  the  total 
exchange  of  energy  between  the  mean-mean-motion  and  the  relative-mean- 
motion. 

It  is  also  seen  that  the  action,  of  which  these  terms  express  the  effect, 
is  purely  kineniatical,  depending  simply  on  the  instantaneous  characters  of 
the  mean-  and  relative-mean-motion,  whatever  may  be  the  properties  of 
the  matter  involved,  or  the  mechanical  actions  which  have  taken  part  in 
determining  these  characters.  The  terms,  therefore,  express  the  entire 
result  of  transformation  from  energy  of  mean-mean-motion  to  energy-  of 
relative-mean-motion,  and  of  nothing  but  the  trans fomiation.  Their  exist- 
ence thus  completely  verifies  the  first  of  the  general  conclusions  in  Art.  14. 

The  term  last  but  one  in  the  right  member  of  the  equation  (17)  for 
energy  of  mean-mean-motion,  expresses  the  rate  of  transformation  of  energy 
of  heat-motions  to  that  of  energy  of  raeau-mean-motion,  and  is  entirely 
independent  of  the  relative-mean-motion. 

In  the  same  way,  the  term,  last  but  one  on  the  right  of  the  equation  (19) 
for  energy  of  relative-mean-motion,  expresses  the  rate  of  transformation  from 
energy  of  heat-motions  to  energy  of  relative-mean-motion,  and  is  quite  in- 
dependent of  the  mean-mean-motion. 

y 
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17.  In  both  ecjuations  (17)  and  (19)  the  first  terms  on  the  right  express 
the  rates  at  which  the  respective  energies  of  mean-  and  relative-mean-motion 
are  increasing  on  account  of  work  done  by  the  stresses  on  the  mean-  and 
relative-motions  respectively,  and  by  the  additions  of  momentum  caused  by 
convections  of  relative-mean -motion  by  relative-mean-motion  to  the  mean- 
and  relative-mean-motions  respectively. 

It  may  also  be  noticed  that  while  the  first  term  on  the  right,  in  the 
e(|uation  (19)  of  energy  of  relative-mean-motion,  is  independent  of  mean- 
mean-motion,  the  corresponding  tenn  in  equation  (17)  for  mean-mean -motion 
is  not  independent  of  relative-mean-motion. 

A  Discriminating  Equation. 


18.  In  integrating  the  equations  over  a  space  moving  with  the  mean- 
mean-motion  of  the  fluid,  the  first  terms  on  the  right  may  be  expressed  as 
surface  integrals,  which  integrals  respectively  express  the  rates  at  which 
work  is  being  done  on,  and  energy  is  being  received  across  the  surface,  by 
the  mean-mean-motion,  and  by  the  relative-mean-motion. 

If  the  space  over  which  the  integration  extends  includes  the  whole 
system,  or  such  part  that  the  total  energy  conveyed  across  the  surface  by 
the  relative-mean-motion  is  zero,  then  the  rate  of  change  in  the  total 
energy  of  relative-mean-motion  within  the  space,  is  the  difference  of  the 
integral,  over  the  space,  of  the  rate  of  increase  of  this  energy  by  trans- 
formation from  energy  of  mean-mean-motion,  less  the  integi'al  rate  at 
which  energy  of  relative-mean-motion  is  being  converted  into  heat,  or, 
integrating  equation  (19), 


/iJ(a*4+*r/'-4)*''^'""^ 


-/// 


-/"/    ^^ 


T-/  du       -7—,  du 


,-,  dv        -.—  dv        — —  dv 
+  p^(/u^^-\-pwv  —^pv/w^ 


dx 


dy 


dxdy  dz 


•/// 


,    du'       ,    du'       ,    du\ 
,    dw       ,    dw'  .     ,    dw\ 
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This  equatioii  expreases  the  iuiidamoiital  relations  i — 

(1)  That  the  ordp  ifUegral  effect  of  the  7tiean*ffmin-7noti€fn  on  the  relatim- 
mean-motwu  is  the  ifUegf^af  of  Ute  rate  of  tninsformation  Jrom  efker^  aj 
rfwan-mean-rnQtion  to  enm'ijy  nf  relative-mean-niQiion,  ■ 

(2)  That,  uiitem  rdative  miergy  h  aUered  by  actions  acro&s  the  mrfaa 
vnthin  which  the  integration  erientfcr,  the  integral  enerfft/  of  relativenimn* 
motion  mW  l>e  imreuMtig,  or  diminishing,  a^ording  as  the  ifU^rai  rate  &/ 
tnimfonnation  frofih  mean-ffim^motian  to  rniative-mean^motion  is  grmttr, 
0?'  le^s  than,  the  rate  of  oonversion  of  the  ^nm^gy  of  relative-rnemi^noiiQn  inU 
heat. 

19*  For  pVii  ^^t  ^re  substituted  their  values  as  determined  aecordinf^ 
to  the  theory  of  viscosity,  the  approximate  truth  of  which  has  b©en  verified* 
as  already  explained. 

Putting 

we  ha%'e,  substituting  in  the  last  tenn  of  equation  (£0),  as  the  expre^ioD 
the  rate  of  convei-sion  of  energy  of  retative-mean-tuotiou  inU^  heat, 


-//f|(.i„..,,.,=///[,(£.|V'« 


rff/  ^  dv'  ^  d^\ 


-{-«(£■ 


du'     dv      dw' 


?Y*2 


[0 


(dA/^     /dwyi 
dy  ^  dz  )   '  ^  \\dx  J    ^  \dyj       \dz  )  \ 


{dw'     dvV      fdti      dw'Y      (dv'     du\^\l  ,    ,    ,  ,««, 

in  which  fx  is  a  function  of  temperature  only ;   or  since  p  is  here  considered 
as  constant, 

whence  substituting  for  the  last  term  in  equation  (20)  we  have,  if  the  energ}* 
of  relative-mean-motion  is  maintained,  neither  increasing  nor  diminishing, 


-//f 


—7—,  du    —J-,  dii       ,—7  du 

uu  -Y—k-uv  ^f-  -\-uw  -r- 

dx  ay  dz 

-7-7  dv     —r,  dv      -7-7  dv 

-\-  vu    -J-  +vv    -,    -\-vw   -T- 

dx  ay  dz 

—j—,dw     -,  ,diu     —r-.dw 
-\-wu    ,    -\-wv^r--\-'^'^^-T- 
dx  dy  dz  1 


>  dxdydz 
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>dxdydz  =  0  ...(24), 


fdv'     dvfy 
\dx     dy ) 


which  is  a  discriminating  equation  as  to  the  conditions  under  which  relative- 
mean-motion  can  be  sustained. 

20.  Since  this  equation  is  homogeneous  in  respect  to  the  component 
velocities  of  the  relative-mean-motion,  it  at  once  appears  that  it  is  independent 
of  the  energy  of  relative-mean-motion  divided  by  the  p.  So  that  if  fijp  is 
constant,  the  condition  it  expresses  depends  only  on  the  relation  between 
variations  of  the  mean-mean -motion  and  the  directional,  or  angular,  distri- 
bution of  the  relative-mean-motion,  and  on  the  squares  and  products  of 
the  space  periods  of  the  relative-mean-motion. 

And  since  the  second  term  expressing  the  rate  of  conversion  of  heat 
into  energy  of  relative-mean-motion  is  always  negative,  it  is  seen  at  once 
that,  whatsoever  may  be  the  distribution  and  angular  distribution  of  the 
relative-mean-motion  and  the  variations  of  the  mean-mean-motion,  this 
equation  must  give  an  inferior  limit  for  the  rates  of  variation  of  the 
components  of  mean-mean-motion,  in  terms  of  the  limits  to  the  periods 
of  relative-mean-motion,  and  fijp,  within  which  the  maintenance  of  relative- 
mean-motion  is  impossible.  And  that,  so  long  as  the  limits  to  the  periods 
of  relative-mean-motion  are  not  infinite,  this  inferior  limit  to  the  rates  of 
variation  of  the  mean- mean -motion  will  be  greater  than  zero. 

Thus  the  second  conclusion  of  Art.  14,  and  the  whole  of  the  previous 
argument  is  verified,  and  the  properties  of  matter  which  prevent  the  main- 
tenance of  mean-motion,  with  periods  of  the  same  order  of  magnitude  as 
those  of  the  heat-motion,  are  shown  to  be  amongst  those  properties  of 
matter  which  are  included  in  the  equations  of  motion  of  which  the  truth 
has  been  verified  by  experience. 

The  Cause  of  Transformation, 

21.  The  transformation  function,  which  appears  in  the  equations  of 
mean-energy  of  mean-  and  relative-mean-motion,  does  not  indicate  the  cause 
of  transformation,  but  only  expresses  a  kinematical  principle  as  to  the  effect 
of  the  variations  of  mean-mean-motion,  and  the  distribution  of  relative- 
mean-motion.  In  order  to  determine  the  properties  of  matter  and  the 
mechanical  principles  on  which  the  effect  of  the  variations  of  the  mean- 
mean-motion  on  the  distribution  and  angular  distribution  of  relative-mean- 
motion  depends,  it  is  necessary  to  go  back  to  the  equations  (16)  of  relative- 
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nmnetiltioi  aI  a  pciial;  uticl  eren  thai  Ihe  aiuf«e  i^  only  ta  be  found  hx 
coimieriiif  the  efeets  of  the  aciionn  which  thesis  iH|Qiiiiooa  express  id  deUtl 
Til*  dewntiifiatkiii  of  ibis  amm,  Ibough  ii  m  no  way  afiecta  the  proo&  of  tb 
enaltliev)  of  the  mterioti  as  doducei)  from  tlie  equatioaii,  may  be  the  meAitf 
of  explAtnioi^  what  \m»  been  bitberta  ohseure  in  the  connection  between 
thermodynainioi  and  ihe  principlefl  of  mechanics.  That  such  may  be  the 
oisB,  is  flttggefited  by  the  recc^iiii€>n  of  the  separate  equatioiiii  of  ntean-  and 
mlnlive-iEi^m-tQotioo  of  tnaiten 


The  EquaHm  of  Energy  of  R^toHrn'mean-nioHon  and  the  Equaimn^ 


J 


"1 


22.  Od  eoosidemtion^  it  will  at  ofiee  be  aeeti  that  there  is  more  thati  m 
aMdental  correspondenoe  between  the  equations  ef  eaergy  of  tneaa*  aad 
felatite-inean- motion  reipectively.  and  the  r^peetiye  equations  of  energy  of 
mean-motion  and  of  heat  b  thermodynamics. 

If  instead  of  including  only  the  effects  of  the  beat-motion  on  the  mean- 
momcnttim,  as  eKpreaaed  by  pet,  &c„  the  effects  of  relative-mean-motion  are 
abo  included  by  putting  p^  for  p^  +  pu'u',  &e.,  and  p^  for  p^  +  pwV,  kc^ 
in  equations  (15)  and  (17),  the  e<iuations  (In)  of  mean* mean-motion  bec»! 
identical  in  form  with  the  equations  (I)  of  mean-motion,  and  the  equati* 
(17)  of  energy  of  niean-raoan-niotion  becomes  identical  in  form  with  ti 
equation  (S)  of  energy  of  mean-motion. 

These  equations,  obtiiined  from  (15)  and  (17),  being  equally  true  with 
equations  (1)  and  (8),  the  mean-mean- motion  in  the  former  being  taken 
over  the  space  S^  instead  of  S^  lis  in  the  latter,  then,  instead  of  equation  (9), 
we  should  have  for  the  value  of  the  last  term — 

p„g-  +  &c..  =  -  -^  +  P"«  ^  +  &c (20). 

in  which  the  right  member  expresses  the  rate  at  which  heat  is  converted 
into  energy  of  mean -mean -motion,  together  with  the  rate  at  which  energy 
of  relative-mean-motion  is  transformed  into  energy  of  mean-mean-motion; 
while  equation  (19)  shows  \vhence  the  transformed  energy  is  derived. 

The  similarity  of  the  parts  taken  by  the  transformation  of  mean-mean- 
motion  into  relative-mean-motiou,  and  the  conversion  of  mean-motion  into 
heat,  indicates  that  these  parts  are  identical  in  form ;  or  that  the  conversion 
of  mean-motion  into  heat  is  the  result  of  transformation,  and  is  expressible 
by  a  transformation  function  similar  in  form  to  that  for  relative-mean- motion, 
but  in  which  the  components  of  relative-motion  are  the  components  of  the 
heat-motions,  and  the  density  is  the  actual  density  at  each  point.  Whence 
it  would  appear  that  the  general  equations,  of  which  equations  (19)  and  (16) 
an   respectively  the  adaptations  to  the  special  condition  of  uniform  density, 
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must,  by  indicating  the  properties  of  matter  involved,  afford  mechanical 
explanations  of  the  law  of  universal  dissipation  of  energy  and  of  the  second 
law  of  thermodynamics. 

The  proof  of  the  existence  of  a  criterion,  as  obtained  from  the  equations, 
is  quite  independent  of  the  properties  and  mechanical  principles  on  which 
the  effect  of  the  variations  of  mean-mean-motion  on  the  distribution  of 
relative-mean-motion  depends.  And  as  the  study  of  these  properties  and 
principles  requires  the  inclusion  of  conditions  which  are  not  included  in  the 
equations  of  mean-motion  of  incompressible  fluid,  it  does  not  come  within 
the  purpose  of  this  paper.  It  is  therefore  reserved  for  separate  investigation 
by  a  more  general  method. 


The  Criterion  of  Steady  Mean-motion, 

23.  As  already  pointed  out,  it  appears  from  the  discriminating  equation 
that  the  possibility  of  the  maintenance  of  a  state  of  relative-mean-motion 
depends  on  fi/p,  the  variation  of  mean-mean -motion,  and  the  periods  of  the 
relative-mean-motion. 

Thus,  if  the  mean-mean-motion  is  in  direction  x  only,  and  varies  in 
direction  y  only,  if  u\  v\  w'  are  periodic  in  directions  a?,  y,  z,  a  being  the 
largest  period  in  space,  so  that  their  integrals  over  a  distance  a  in  direction 
X  are  zero,  and  if  the  co-efficients  of  all  the  periodic  factors  are  a,  then 
putting 

and  taking  the  integrals,  over  the  space  a',  of  the  18  squares  and  products  in 
the  last  term  on  the  left  of  the  discriminating  equation  (24)  to  be 

-18/iOa(^j'aW, 

the  integral  of  the  first  term  over  the  same  space  cannot  be  greater  than 

pC^(i^C^a\ 

Then,  by  the  discriminating  equation,  if  the  mean-energy  of  relative-mean- 
motion  is  to  be  maintained, 

pOj*  is  greater  than  700 .  -, , 

a 


x/©'  =  ^00  (E6) 


A* 

is  a  condition  under  which  relative-mean-motion  cannot  be  maintained  in  a 
o.  B.  IL  36 
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fluid,  of  which  the  m^an-meao -motion  is  constant  in  the  direction  of  mean- 
mean-motion,  and  subject  to  a  uaifomi  variation  at  right  anglea  to  tbe 
direction  of  mean -mean- motion*  It  is  not  the  actual  limit,  to  obtain  which 
it  would  be  nenessary  to  de  tor  mine  the  actual  fomis  of  the  periodic  fimctiuu 
for  n\  v\  w\  which  would  satisfy  the  equatioua  of  motion  (15),  (Ifi),  a»  wtll 
a«  the  equation  of  continuity  (1<^),  and  to  do  thi^  the  functioufi  would  he  of 
the  form 


v[^.eos(r(„f-H^.)}]. 


where  r  haa  the  values  1 ,  2,  3,  &c.  It  may  be  shown,  however,  that  the 
feteotiom  of  the  tenna  in  the  periodic  series  in  which  r  is  greater  thaB  unity 
would  increase  the  numerical  value  of  the  limit. 

24  It  thus  appeal^  that  the  existence  of  the  condition  (26)  within 
which  no  relative-mean -mot  ion,  completely  periodic  in  the  distance  u,  can  he 
maintained,  is  a  proof  of  the  existence,  for  the  same  variation  of  mean-mean* 
motion,  of  ao  actual  limit  of  which  the  numeriail  value  is  between  700  and 

infinity.  ■ 

In  viscous  fluids,  experience  ahows^  that  the  further  kinematical  cob- 
fiitions  imposed  by  the  equations  of  motion  do  not  prevent  such  relative- 
mean -motion*  Hence  for  such  fluids  equation  (20)  proves  that  the  actual 
limit,   which   discriminates   between    the    possibility   and    impossibility  of 

I'elative-mean -motion  completely  periodic  in  a  space  a,  is  greater  than  700. 

Putting  equation  (26)  in  the  form 

it  at  once  appears  that  this  condition  does  not  furnish  a  criterion  as  to  the 
possibility  of  the  maintenance  of  relative-raean-motion,  irrespective  of  its 
periods,  for  a  certain  condition  of  variation  of  mean -mean- motion.  For  by 
taking  a-  large  enough,  such  relative-mean-motion  would  be  rendered 
possible  whatever  might  be  the  variation  of  the  mean-mean-motion. 

The  existence  of  a  criterion  is  thus  seen  to  depend  on  the  existence  of 
certain  restrictions  to  the  value  of  the  periods  of  relative-mean-motion — on 
the  existence  of  conditions  which  impose  superior  limits  on  the  values  of  a. 

Such  limits  to  the  maximum  values  of  a  may  arise  from  various  causes. 
If  dujdy  is  periodic,  the  period  would  impose  such  a  limit,  but  the  only 
restrictions  which  it  is  my  purpose  to  consider  in  this  paper,  are  those  which 
arise  from  the  solid  surfaces  between  which  the  fluid  flows.  These  restric- 
tions are  of  two  kinds — restrictions  to  the  motions  normal  to  the  surface^ 


V 
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and  restrictions  tangential  to  the  surfaces — the  former  are  easily  defined,  the 
latter  depend  for  their  definition  on  the  evidence  to  be  obtained  from  experi- 
ments such  as  those  of  Poiseuille,  and  I  shall  proceed  to  show  that  these 
restrictions  impose  a  limit  to  the  value  of  a,  which  is  proportional  to  D,  the 
dimension  between  the  surfaces.     In  which  case,  if 


yc 


duy  _  u 
4y)  "D' 


equation  (26)  affords  a  proof  of  the  existence  of  a  criterion 

..f-^ (") 

of  the  conditions  of  mean-mean-motion  under  which  relative  or  sinuous- 
motion  can  continuously  exist  in  the  case  of  a  viscous  fluid  between  two 
continuous  surfaces  perpendicular  to  the  direction  y.  one  of  which  is  main- 
tained at  rest,  and  the  other  in  uniform  tangential-motion  in  the  direction  x 
with  velocity  U. 

Section  in. 

The  Criterion  of  the  Conditions  under  which  Relattve-mean-motion  cannot  be 
maintained  in  the  case  of  Incovvpressihle  Fluid  in  Uniform  Symmetrical 
Mean-flow  between  Parallel  Solid  Surfaces, — Expression  fo7*  the  Resist- 
ance. 

25.  The  only  conditions,  under  which  definite  experimental  evidence  as 
to  the  value  of  the  criterion  has  as  yet  been  obtained,  are  those  of  steady 
flow  through  a  straight  round  tube  of  uniform  bore;  and  for  this  reason 
it  would  seem  desirable  to  choose  for  theoretical  application  the  case  of  a 
round  tube.  But  inasmuch  as  the  application  of  the  theory  is  only  carried 
to  the  point  of  affording  a  proof  of  the  existence  of  an  inferior  limit  to  the 
value  of  the  criterion,  which  shall  be  greater  than  a  certain  quantity  deter- 
mined by  the  density  and  viscosity  of  the  fluid  and  the  conditions  of  flow, 
and  as  the  necessary  expressions  for  the  round  tube  are  much  more  complex 
than  those  for  parallel  plane  surfaces,  the  conditions  here  considered  are 
those  defined  by  such  surfaces. 

Ca^e  I.    Conditions. 

26.  The  fluid  is  of  constant  density  p  and  viscosity  fi,  and  is  caused  to 
flow,  by  a  uniform  variation  of  pressure  dpjdx,  in  direction  x  between  parallel 
surfaces,  given,  by 

y=-6b,    y  =  6o (28), 

the  sur&ces  being  of  indefinite  extent  in  directions  g  and  x, 

36—2 
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The  Bouftdary  Pondiiwm. 

(1)  Therp  can  be  no  motinn  normal  to  the  iw>lid  surfaces,  therefore 
t^  =  0  when  v^±*o , - -.(29). 

(2)  That  there  shall  be  no  tangential  niotioti  at  the  surftice,  therefore 
n  =  nf  =  {)  when  //=±6q  --.. ..,,,. *(3'(^)t 

whence  by  equation  (21),  putting  u  fur  u\  p^^~  fjdnjdy. 

By  the  equation  of  continuity  duldx  +  rff/rfy  +  dwjd$  =  0,  therefore  at 
the  boundaries  wo  have  the  further  conditions,  that  when  y  =  ±  ia. 


i 


I 


Singular  Solutiort, 


4 


27.  If  the  mean-motion  is  everywhere  in  direction  a?,  then,  by 
equation  of  continuity,  it  is  constant  in  this  direction,  and  as  sbown  (Art  8) 
the  periodfl  of  mean-motion  are  infiuite,  and  the  aquations  (1),  (3X  and  (9) 
are  strictly  true.     Hence  if 

^  =  w=n=v*^n/-0  . . , * , . ,- . A^^\ 

we  have  conditions  under  which  a  singular  solution  of  the  equations,  applied 
to  this  case,  is  possible  whatsoever  may  be  the  value  of  6©,  dp/d^,  p  and  /*. 

Substituting  for  pj^xy  Pyz,  &c.,  in  equations  (1)  from  equations  (21),  and 
substituting  a  for  u\  &c.,  these  become 


du  ^     dp         (d^u     d^u 


dt 


=-d:r+^ 


/rf'u     dhi\ 


.(33). 


This  equation  does  not  admit  of  solution  from  a  state  of  rest* ;  but 
assuming  a  condition  of  steady  motion  such  that  du/dt  is  everywhere  zero, 
and  dpjdx  constant,  the  solution  of 

*  In  a  paper  on  the  '*  Equations  of  Motion  and  the  Boundary  Conditions  of  Viscous  Fluid, " 
read  before  Section  A  at  the  meeting  of  the  B.  A.,  1S83,  I  pointed  out  the  significance  of  this 
disability  to  be  integrated,  as  indicating  the  necessity  of  the  retention  of  terms  of  higher  orders 
to  complete  the  equations,  and  advanced  certain  confirmatory  evidence  as  deduced  from  the 
theory  of  gases.  The  paper  was  not  published,  as  I  hoped  to  be  able  to  obtain  evidence  of  a 
more  definite  character,  such  as  that  which  is  now  adduced  in  Articles  7  and  8  of  this  paper, 
which  shows  that  the  equations  are  incomplete,  except  for  steady  motion,  and  that  to  render  them 
integrable  from  rest  the  terms  of  higher  orders  must  be  retained,  and  thus  confirms  the  argument 
I  advanced,  and  completely  explains  the  anomaly.     (See  Paper  46,  page  132.) 
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/A  /d^      dHL\  _  1  ^  _  /x 

pKdf'^dzy    p^"  ' 

if  u  =  du/dz  =  0  when  y=±6o»l (34). 

is  ^_1  dpf-W 

fidx      2  I 

This  is  a  possible  condition  of  steady  motion,  in  which  the  periods  of  w, 
according  to  Art.  8,  are  infinite ;  so  that  the  equations  for  mean-motion  as 
affected  by  heat-motion,  by  Art.  8,  are  exact,  whatever  may  be  the  values  of 

u,  6oi  P>  M,  and  dp/dx. 

The  last  of  equations  (34)  is  thus  seen  to  be  a  singular  solution  of  the 
equations  (15)  for  steady  mean-flow,  or  steady  raean-mean-motion,  when 
u\  v\  w\  p,  &c.,  have  severally  the  values  zero,  and  so  the  equations  (16)  of 
relative-mean-motion  are  identically  satisfied. 

In  order  to  distinguish  the  singular  values  of  t^,  I  put 

fb  N 

u  =  U,      j     udy  =  2boUm] 
J  —  b 


whence 


dx         6,'    ""  2    "•     6.-    / 


.(35). 


According  to  the  equations,  such  a  singular  solution  is  always  possible  where 
the  conditions  can  be  realized,  but  the  manner  in  which  this  solution  of  the 
equation  (1)  of  mean-motion  is  obtained  affords  no  indication  as  to  whether 
or  not  it  is  the  only  solution — as  to  whether  or  not  the  conditions  can  be 
realized.  This  can  only  be  ascertained  either  by  comparing  the  results  as 
given  by  such  solutions  with  the  results  obtained  by  experiment,  or  by 
observing  the  manner  of  motion  of  the  fluid,  as  in  my  experiments  with 
colour  bands. 

The  fact  that  these  conditions  are  realized,  under  certain  circumstances, 
has  afforded  the  only  means  of  verifying  the  truth  of  the  assumptions  as  to 
the  boundary  conditions,  that  there  shall  be  no  slipping,  and  as  to  /a  being 
independent  of  the  variations  of  mean- motion. 

Verification  of  the  Assumptions  in  the  Equation  of  Viscous  Fluid. 

28.  As  applied  to  the  conditions  of  Poiseuille's  experiments  and  similar 
experiments  made  since,  the  results  obtained  from  the  theory  are  found  to 
agree  throughout  the  entire  range  so  long  as  u\  v\  w  are  zero,  showing  that 
if  there  were  any  slipping  it  must  have  been  less  than  the  thousandth  part 
of  the  mean-flow,  although  the  tangential  force  at  the  boundary  was  0*2  gr. 
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per  sciuare  centimetre,    or    over    ti  lbs.   per   square   foot,    the   me&D  flow 
376  tniilims.  (1'23  feet)  per  second,  Bnd  . 

ei€/dr  =  215,000.  ^ 

the  diameter  of  this  tube  being  0  014  milliin*,  the  li^ogth  1*2-5  millifua,  and 
the  hejid  SO  inches  of  mercury. 

Consitleriug  that  the  skin  resistance  of  a  Blaamer  going  at  23  knots  ift  not 
6  Ihs.  per  wqimre  foot,  it  appears  that  the  afistimptioiis,  aa  to  the  houndaiy 
conditious  and  the  coustancy  of  ^,  have  been  verijied  under  more  exigent 
circumstances,  both  aa  regards   tangential  resistance  and  rate  of  variatica^ 
of  taiigeutia]  stress^  than  occur  in  anythiog  but  exceptional 

Emdeiice  that  otJier  Stdutinn^  are  po&dble. 

29.  The  fact  that  steady  mean-motion  is  almost  confined  to  capiHaij.' 
tubes,  aiid  that  iu  larger  tubes,  except  when  the  niotioo  is  almost  iu^easiWf 
slow,  the  mean-motion  i^  sinuous  and  full  of  eddies,  is  abundant  eridenc? 
of  the  possibility,  under  certain  conditions,  of  sohitions  other  than  the  singukr 
solutions. 

In  such  solutions  u\  v\  w  have  values,  which  are  maintained,  not  as  a 
system  of  steady  periodic  motion,  but  such  as  has  a  steady  effect  on  the  mean- 
flow  through  the  tube ;  and  equations  (1)  ^U'e  only  approximately  true. 

The  Application  of  the  Equations  of  the  Mean-  and  Relative- 

mean-motion, 

30.  Since  the  components  of  mean-mean -motion  in  directions  i/  and  z 
are  zero,  and  the  mean  flow  is  steady, 

i;  =  0,     ^  =  0,     duldt=0,    du/da;=0 (36), 

and  as  the  mean  values  of  functions  of  u\  v\  tv  are  constant  in  the  direction 
of  flow, 


I 


cw:  our  cw; 


.(37). 


By  equations  (21)  and  (37)  the  equations  (15)  of  mean-motion  become 
dil  dp         /d'h'i      d^u\  ( rf  /-r-.v  .    d   ,-t— .J 


dv  _     dp 
^H^^dy 


div  __     dp 
^  di^^dz 


d    ,  —TT.    ,      d     , — ; — ,. 


(38). 


^ 


\  ....(39). 
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The  equation  of  energy  of  mean-meau-motion  (17)  becomes 

-P{|(«"V).,4(U.T^')}-.{(|)V(S)] 

Similarly   the   equation   of  mean-energy   of   relative-mean-motion   (19) 
becomes 
^  f»'  J  

"  "  dv  ^^'^Pv'  "^  P"''^')-^^'{Pyy  +  pvv)-hw  {p'yt-\-p~w'v')] 


dt 


-  j^  [^'  (P  w  +  puw)  +  V  ( p^  +  pvw)-\-  w  (p„+  pw'w)] 


dy  d-j 


.(40). 


Integrating  in  directions  y  and  z  between  the  boundaries  and  taking  note 
of  the  boundary  conditions  by  which  n,  u\  v\  vi  vanish  at  the  boundaries 
together  with  the  integrals,  in  direction  z,  of 


the  integral  equation  of  energy  of  mean-mean-motion  becomes 

The  integral  equation  of  energy  of  relative-mean-motion  becomes 
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If  the  mea!i*meau-motioQ  is  steady  it  appears  &um  equaitun  (41)  Lbat 


■II' 


-ji"!**. 


the  wark  done  on  the  meaD-mean-motion  u,  per  unit  of  length  of  the  truh*, 
by  the  constant  variation  of  pressure,  is  in  part  transformed  into  etiergj*  ^f 
relative- mean -motion  at  a  rate  expressed  by  the  tranBformation  runctioa: 


ad  in  part  transformed  into  heat  at  the  rate ; 

^f/[(l)'-(f)']*^ 


I 

4 


While  the  equation  (42)  for  the  integral  energy  uf  relative-aiean*motio!n 
showjs  that  the  only  energ)'  received  by  the  i-elative- mean-motion  is  that 
tmnsfomied  from  mean -mean -motion,  and  the  only  energy  lost  by  relative- 
raeao*motion  is  that  converted  into  heat  by  the  i^lative-mean-motion  at  the 
rate  expressed  by  the  last  term. 

tAnd  hence  if  the  integral  of  E'  is  maintained  conatant,  the  mte  of 
liformation  from  energy  of  mean-mean-motion  must  be  equal   to  tb« 
rate  at  which  energy  of  relative- mean -motion  is  eon  verted  into  heat»  and 

the  discriminating  equation  becomen 


The  Conditions  to  be  Satisfied  by  u  and  u\  v\  w'. 

31.     If  the  mean-mean-motion  is  steady  u  must  satisfy  : — 

(1)  The  boundai-y  conditions 

u  =  0  when  y=±bQ (44); 

(2)  The  equation  of  continuity 

du/dx  =  0 (45); 

(3)  The  first  of  the  equations  of  motion  (38) 

dp         (dHi      dHi\         id  ,-t,^  ,   d  .-^—,^  ..... 
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or  putting  u=l/'  +  u— 17, 

and  -^  =s  fJL^rz  as  in  the  singular  solution, 

equation  (46)  becomes 

(4)  The  integral  of  (47)  over  the  section  of  which  the  left  member  is 
zero,  and 

the  mean  value  of  fidu/dy  =  fidU/dy  when  ?/=  ±  bo (48). 

From  the  condition  (3)  it  follows  that  if  u  is  to  be  symmetrical  with 
respect  to  the  boundary  surfaces,  the  relative-mean-motion  must  extend 
throughout  the  tube,  so  that 

/      I  J^  ^^  "^  J  (wV)  1  dz  is  a  function  of  y» (49). 

And  as  this  condition  is  necessary,  in  order  that  the  equations  (38)  of  mean- 
mean-motion  and  the  equations  (16)  of  relative-mean-motion  may  be  satisfied 
for  steady  mean-motion,  it  is  assumed  as  one  of  the  conditions  for  which  the 
criterion  is  sought. 

The  components  of  relative-mean-motion  must  satisfy  the  periodic 
conditions  as  expressed  in  equations  (12),  which  become,  putting  2c  for 
the  limit  in  direction  z, 

(1)  ["  u'dx  ^zjv^dx^r  w  dx  =  O) 

•'o  •'«  •'^  I    (50). 

(2)  The  equation  of  continuity 

du'/dx  -h  d^ldy  -H  dw'/dz  =  0. 

(3)  The  boundary  conditions  which  with  the  equation  of  continuity  give 

u'  =  v'^w'  =  du'/dx  =  dv/dy  =  dw'/dz  =  0  when  y  =  ± 6„ (51). 

(4)  The  condition  imposed  by  symmetrical  mean-motion 

f^X^y(^+ji<^'>]'^='^-f(y> <52). 

These  conditions  (1  to  4)  must  be  satisfied,  if  the  effect  on  u  is  to  be 
Sjrmmetrical  however  arbitrarily  u',  v\  vi  may  be  superimposed  on  the  mean- 
motion  which  results  from  a  singular  solution. 
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{B}  U  the  mean'mottoii  19  to  remain  sternly  u\  p%  ui  rnosfc  also  ssiisf) 
the  kineoiaticai  conditiomi  obtained  by  eUmitiatiiig  p  from  the  equfttioci«  uf 
tiiean-ttiean*motion  (*IB)  acid  thonie  oblaiEed  by  elmunatiiig  p*  fitioi  llw 
{^liuvtioiiH  of  relaLivo*tQ€an*motioii  (16). 

CtmdiiionM  (1  ta  4)  det4ff*mine  an  iufmior  LimU  io  ths  Criimrmm.  j 

S2,  The  determi nation  uf  the  kineiimtic  conditioitit  (S)  10,  hoirerer, 
practically  impossible;  but  if  they  are  satisfied,  u\  v\  w*  itiusl  i»ti&fy  the 
more  general  condition**  imposed  by  the  discnniinatiiig  i^qaattotL  Fnjm 
which  it  appears  that  when  9i\  r,  m*  anc  such  as  satisfy  the  Gooditiom 
(1  to  4),  however  small  their  values  ii^lative  to  «  may  be,  if  they  be  radi 
that  thu  rate  of  eouvursion  of  enei^y  of  relative- mean*  mot  ion  tula  heil 
is  greater  than  the  mti?  of  tnnu^fonnation  of  eoej^^  of  meati-mean-inotiua 
iotf*  relative-ineHn*TiK>tir>ii,  the  energy  of  relative-mean -motion  mUBt  be 
diminishing.  Whence,  when  h\  v\  w'  are  tsiken  such  peritwlic  functiomi  uf 
w,  y,  s,  a'(  under  conditioiiB  (1  to  i)  render  the  value  of  the  traas/oriEmtiou 
funetiou  relative  to  the  value  of  the  conversion  funetiun  a  maximum,  if  this 
ratio  is  less  than  unity,  the  inaintenauce  of  any  relative-me^m -motion  is  im- 
Iw>j*8Jble,  And  whatever  further  restrictions  might  be  imposed  bv  the 
kineniatical  conditions,  the  existence  of  an  inferior  limit  to  the  ctitertou  k 
proved 

Exiyressions  for  the  Components  of  possible  Relative-niean- motion. 

83.  To  Scitisfy  the  first  three  of  the  equations  (50)  the  expre^ions  for 
Uy  v\  iu\  must  be  continuous  periodic  functions  of  x,  with  a  maximum  periodic 
distance  a,  such  as  satisfy  the  conditions  of  continuity. 

Putting 

I  =  27r/a ;  and  ?i  for  any  number  from  1  to  00  , 

"■-^•i(l"^t)-("''>^('t^t)''"<*>}! 

v'  =  1^  [nloifi  sin  {nix)  —  nlfin  cos  (nix)] 

to'  =  2o  {/i^y^^sin  (nix)  -  nlS,^  cos(/z7^)} 

u\  v\  w'  satisfy  the  equation  of  continuity.     And,  if 

a  =  y9  =  ry  =  S  =  dfx\dy  =  d^\dij  =  dyjdz^dhjdz  =  0  when  y==±b^ 

and  a/9,  07,  aS  are  all  functions  of  y^  only, 

it  would  seem  that  the  expressions  are  the  most  general  possible  for  the 
components  of  relative-mean-motion. 


and 


.(53), 


.(54), 
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Cylindrical'relative'motion . 

34.  If  the  relative-mean-motion,  like  the  mean-mean-motion,  is  re- 
stricted to  motion  parallel  to  the  plane  of  xy, 

rys:S  =  t(;^=sO,  everywhere    (55), 

and  the  equations  (53)  express  the  most  general  forms  for  a\  v'  in  case 
of  such  cylindrical  disturbance. 

Such  a  restriction  is  perfectly  arbitrary,  and  having  legard  to  the  kine- 
matical  restrictions,  over  and  above  those  contained  in  the  discriminating 
equation,  would  entirely  change  the  character  of  the  problem.  But  as  no 
account  of  these  extra  kinematical  restrictions  is  taken  in  detennining  the 
limit  to  the  criterion,  and  as  it  appears  from  trial  that  the  value  found  for 
this  limit  is  essentially  the  same,  whether  the  relative-mean-motion  is 
general  or  cylindrical,  I  only  give  here  the  cousidembly  simpler  analyses  for 
the  cylindrical  motion. 


The  functiom  of  Transformation  of  Energy  and  Conversion  to  Heat  for 
Cylindrical  Motion, 

35.  Putting  -T-{pH')  for  the  rate  at  which  energy  of  relative-mean- 
motion  is  converted  to  heat  per  unit  of  volume,  expressed  in  the  right-hand 
member  of  the  discriminating  equation  (43), 

-///H(ST-(I)V(ITH£)'-|£]«^- <-> 

Then  substituting  for  the  values  of  u\  i/,  w'  from  equations  (53),  and 
integrating  in  direction  x  over  iir/l,  and  omitting  terms  the  integral  of 
which,  in  direction  y,  vanishes  by  the  boundary  conditions, 

H^hi^J}^^ ("^ 

In  a  similar  manner,  substituting  for  u\  t/,  integrating,  and  omitting 
terms  which  vanish  on  integration,  the  rate  of  transformation  of  energy 
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JIDS       [U 


> 


fiiom  ine4Wi-iiioan-tDotion,  aw  expressed  by  the  lefl  member  in  the  dismmi- 
nating  equation  (43),  becomes 

And,  rince  by  Art.  31,  canditions  (3)  equation  (47), 


'*$<^-^-4^"'^'^- 


.(59). 


integrating  and  i-emembering  the  boundary  cooditiotis, 

Lnd  since  at  tht^  buundary  li  —Urn  zero, 

pT  (riV)%  =  0 ...,,(61i 

Whtuice,  putting  U+ii—  U  for  u  in  the  right  member  of  equation  {h^\ 
substituting  ibr  u-  U  iron>  (60),  iutegrating  by  parta,  and  remembering  that 


(6».   " 

:V.Js{»((..f-A'J^)} ,«,, 


j-i  =  -  3  t:^,  which  is  constaDt 


also  that 

we  have  for  the  transformation  function : 

If  w',  V  are  indefinitely  small,  the  last  term,  which  is  of  the  fourth  degree, 
may  be  neglected. 

Substituting  in  the  discriminating  equation  (43)  this  may  be   put  in 
the  form 


i:M..rH'-'^-"tV' 


.(65). 
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Limits  to  the  Periods. 

36.  As  functions  of  y,  the  variations  of  a„,  fi^  are  subject  to  the  restric- 
tions imposed  by  the  boundary  conditions,  and  in  consequence  their  periodic 
distances  are  subject  to  superior  limits  determined  by  2&oi  the  distance 
between  the  fixed  surfaces. 

In  direction  x,  however,  there  is  no  such  direct  connection  between  the 
value  of  bo  and  the  limits  to  the  periodic  distance,  as  expressed  by  iir/nl. 
Such  limits  necessarily  exist,  and  are  related  to  the  limits  of  a^  and  /3n  in 
consequence  of  the  kinematical  conditions  necessary  to  satisfy  the  equations 
of  motion  for  steady  mean-mean-motion ;  these  relations,  however,  cannot  be 
exactly  determined  without  obtaining  a  general  solution  of  the  equations. 

But  from  the  form  of  the  discriminating  equation  (43)  it  appears  that  no 
such  exact  determination  is  necessary  in  order  to  prove  the  inferior  limit  to 
the  criterion. 

The  boundaries  impose  the  same  limits  on  an,  fin  whatever  may  be  the 
value  of  nl;  so  that  if  the  values  of  On,  i9n  be  determined  so  that  the  value  of 

-^— ^ —  IS  a  minimum 
A* 

for  every  value  of  nl,  the  value  of  rZ,  which  renders  this  minimum  a  mini- 
mum-minimum may  then  be  determined,  and  so  a  limit  found  to  which  the 
value  of  the  complete  expression  approaches,  as  the  series  in  both  numerator 
and  denominator  become  more  convergent  for  values  of  nl  differing  in  both 
directions  from  rl. 

Putting  I,  a,  /8  for  rl,  a^,  fir  respectively,  and  putting  for  the  limiting 
value  to  be  found  for  the  criterion 

ir.  =  ?e^ (66) 

where  a  and  fi  are  such  functions  of  y  that  iT,  is  a  minimum  whatever  the 
value  of  2,  and  { is  so  determined  as  to  render  Ki  a  minimum-minimum. 

Having  regard  to  the  boundary  conditions,  &a,  and  omitting  all  possible 
terms  which  increase  the  numerator  without  affecting  the  denominator,  the 
most  general  form  appears  to  be 


f'rfM,f,^ 


^-  Z  tor  I, 


Mm*  fUtiffiftumUfr  nf      /f,,  ^/juation  (67),  becomes 

-  1  8257.0,6,. 
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In  a  similar  maimer  the  numerator  is  found  to  be 

W  f  j)*  {£* (2ai«  + 1-256,«)  +  2D (I0a,«  +  86,»)  +  S2a,^  +  806,*}, 

and  as  the  coefficients  of  a,  and  b^  are  nearly  equal  in  the  numerator,  no 
sensible  error  will  be  introduQ^d  by  putting 

6,  =  -a„ 


3^      Z*  +  2x5-53Z*  +  50/7rV 
2 

which  is  a  minimum  if 


^k  '^ET      //*  +  2  X  5-53//«  +  50 /ttV  .--v 


Z  =  l-62  (75) 

and  ^,  =  517    (76). 

Hence,  for  a  flat  tube  of  unlimited  breadth,  the  criterion 

p2boUfnlfi  is  greater  than  517 (77). 

37.  This  value  must  be  less  than  that  of  the  criterion  for  similar 
circumstances.  How  much  less  it  is  impossible  to  determine  theoretically 
without  effecting  a  general  solution  of  the  equations;  and,  as  far  as  I  am 
aware,  no  experiments  have  been  made  in  a  flat  tube.  Nor  can  the  experi- 
mental value  1900,  which  I  obtained  for  the  round  tube,  be  taken  as 
indicative  of  the  vatue  for  a  flat  tube,  except  that,  both  theoretically 
and  practically,  the  critical  value  of  t/^  is  found  to  vary  inversely  as  the 
hydraulic  mean  depth,  which  would  indicate  that,  as  the  hydraulic  mean 
depth  in  a  flat  tube  is  double  that  for  a  round  tube,  the  criterion  would 
be  half  the  value,  in  which  case  the  limit  found  for  K^  would  be  about 
0*61ir.  This  is  sufficient  to  show  ^hat  the  absolute  theoretical  limit  found 
is  of  the  same  order  of  magnitude  as  the  experimental  value ;  so  that  the 
latter  verifies  the  theory,  which,  in  its  turn,  aflbrds  an  explanation  of  the 
observed  facts. 

The  State  of  Steady  Mean-motion  above  the  Critical  Value. 

38.  In  order  to  arrive  at  the  limit  for  the  criterion  it  has  been  necessary 
to  consider  the  smallest  values  of  u\  u\  w',  and  the  terms  in  the  discriminating 
equation  of  the  fourth  degree  have  been  neglected.  This,  however,  is  only 
necessary  for  the  limit,  and,  preserving  these  higher  terms,  the  discriminating 
equation  affords  an  expression  for  the  resistance  in  the  case  of  steady  mean- 
mean-motion. 
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The  compbte  \ralue  of  the  function  of  tran&formatian  as  given  in  feqwatioo 
(64)  is 

Whence  ptitting  (7+  y  —  U,  for  ii  in  the  left  member  of  m^ nation  (77X  ^^^ 
integratiDg  by  partH,  remembering  the  conditiong,  this  member  b€coineg 

^f'  dyj'   f^dy  +  ^r  (uVyds (78). 

in  which  the  first  term  corresponds  with  the  first  tenn  in  the  right  member 
of  equation  (64),  which  was  all  that  was  retained  for  the  criterion,  and  the 
aecond  term  corre.spondis  with  the  second  term  in  equation  164),  which  waa 
neglected 

Since  by  equation  (35) 

'ir-it <'->■ 

we  have,  flubstitnting  in  the  discriminating  equation  (43),  either 

.  V*  ,,.(f-giMv^.g,/:;(.-v,...)) 

-8^;r^rf^=-3- 7^ — ttt::^ \ (^9>' 

-j      dy  I      uv'dy  j 

d^u     dp     ^  ,^^ 

^dP^-£=^ (««>• 

Therefore,  as  long  as  q  P  ~V  ;> 

is  of  constant  vahie,  there  is  dynamical  similarity  under  geometrically  similar 
circumstances. 

The  equation  (79)  shows  that, 

when  —  ^  p  -^  s^  is  greater  than  K, 

nv'  must  be  finite,  and  such  that  the  last  term  in  the  numerator  limits  the 
mte  of  transformation,  and  thus  prevents  further  increase  of  wV. 


;) 


/ 
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The  last  term  in  the  numerator  of  equation  (79)  is  of  the  order  and 
degi'ee 

p*i*a*//A-  as  compared  with  Z^ot*, 

the  order  and  degree  of  -  -r  {pH')  the  first  term  in  the  numerator. 

It  is  thus  easy  to  see  how  the  limit  comes  in.  It  is  also  seen  from 
equation  (79)  that,  above  the  critical  value,  the  law  of  resistance  is  very 
complex  and  difficult  of  interpretation,  except  in  so  far  as  showing  that 
the  resistance  varies  as  a  power  of  the  velocity  higher  than  the  first. 


O.  R.    II. 


37 


{KatMbUmi  hfifon  Seotion  A^  BriL  Assac.^  1894,  at  Oxford.) 


Amoko  the  many  phenomena,  the  aacrets  of  which  have  been  presefrved 

by  the  deadening  influence  of  iamiliarity  on  curiosity,  them  is  perhaps  mm 
more  remarkable  than  that  of  the  '  singing  of  the  kettle  on  the  hob/  which 
has  many  times  been  the  subject  of  sentiment  atid  verse  but  not,  it  would 
seem,  hitherto  a  subject  of  phjiiical  study  whicli  like  the  study  of  the  rain- 
bow might  afford  evidence  as  to  the  conditions  under  which  we  exist 

That  the  cheering  evidence  of  the  readiness  of  the  social  gathering  is  Dot 
the  only  evidence  to  be  obtained  from  the  song  of  the  kettle  will  in  the  first 
place  be  demonstrated  in  these  experiments.  Thus,  having  analyzed  by 
experiment  the  physical  causes  of  this  sound  and  its  variations,  the  purpose 
of  the  experiments  is  to  demonstrate  the  relation  which  exists  between 
sounds  in  the  kettle  and  sounds  produced  by  the  motion  of  water,  or  any 
liquid,  under  certain  common  conditions.  And,  in  the  third  place,  to 
demonstrate  the  general  fact  that  liquids  flowing  betw^een  fixed  boundaries 
emit  no  sound  as  long  as  they  continuously  occupy  the  space  between  the 
boundaries,  and  thence  to  demonstrate  that  when  such  sound  occurs  it  is 
evidence  of  the  boiling  of  the  water. 

If  we  place  a  kettle  on  the  top  of  a  fire,  the  first  evidence  of  action  is  that 
of  a  somewhat  feeble  aud  intermittent  hissing  sound  which  at  first  increases 
and  becomes  continuous  and  then  again  subsides  as  the  temperature  in- 
creases. 

This  is  followed  by  a  much  more  definite  and  harsher  sound  which 
comes  on  suddenly,  somewhat   increases  in  volume,  then  suddenly  softens 


I 
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and  is  immediately  followed  by  the  exit  of  steam  showing  that  the  water  is 
boiling. 

If  a  glass  flask  is  substituted  for  the  opaque  kettle  the  causes  of  the 
sound  and  its  variations  become  apparent. 

The  water  in  the  flask  is  under  the  pressure  of  the  atmosphere  at  its 
upper  surface,  which  pressure  is  increased  at  points  below  the  surface  by 
the  water  above ;  so  that  the  boiling-point  at  the  bottom  of  the  kettle  is 
somewhat  above  that  higher  up. 

The  water  receives  its  heat  from  the  fire  below  by  conduction  through 
the  metal,  or  glass,  and  the  water  between  the  bottom  and  the  point  con- 
sidered. 

The  conduction  through  water  is  very  slow ;  so  that  the  water  in  imme- 
diate contact  with  the  hot  surface  at  the  bottom  becomes  much  hotter  than 
the  water  immediately  above.  Water  expands  with  heat.  Hence  this  hot  layer 
on  the  bottom  is  in  unstable  equilibrium,  and  vertical  convection  currents  are 
set  up  which  carry  the  hot  water  from  the  bottom  into  the  colder  water 
above.  Owing  however  to  the  eddying  motion  which  is  a  consequence  of 
the  resistance  ofiered  to  the  ascending  currents  by  the  water  above,  these 
currents  do  not  follow  a  straight  course  but,  somewhat  rapidly,  interweave, 
as  thin  sheets,  with  the  surrounding  water ;  so  that  the  heat  is  soon  diflFused 
through  the  flask,  leaving  very  little  variation  of  temperature  except  close  to 
the  bottom  of  the  flask  or  kettle.  These  convection  currents  are  most 
vigorous  soon  after  the  kettle  is  put  on  the  fire,  when  there  is  the  greatest 
difference  of  temperature  between  the  water  on  the  bottom  and  the  water 
above.  In  this  condition  however  there  is  no  sound,  since  the  vigour  of  the 
currents,  owing  to  the  greater  density  of  the  water  above,  carry  away  the 
water,  heated  on  the  bottom,  before  it  has  reached  a  sufficient  temperature. 
Then  as  the  water  above  acquires  heat  through  the  agency  of  these  currents, 
these  currents  diminish  in  vigour  but  still  continue. 

When  a  certain  temperature,  about  174''  F.,  at  the  upper  surface  is 
reached  (which  depends  on  the  amount  of  air  occluded  in  the  water)  bubbles 
begin  to  collect  on  the  surface  at  the  bottom  of  the  flask  and  then  to  rise  in 
increasing  numbers.  These  bubbles  do  not  vanish  but  rise  to  the  surface, 
increasing  in  size  as  they  ascend.  They  are  a  consequence  of  the  tension  of 
the  occluded  air  added  to  that  of  the  vapour. 

When  a  bubble  first  appears  there  is  a  sharp  but  slight  click  and  these 
clicks,  as  they  become  numerous,  constitute  the  preliminary  hiss,  which  nearly 
subsides  before  the  temperature  reaches  200°  F. 

At  about  10°  below  the  boiling-point  the  harsh  hiss  comes  on  suddenly 

37—2 
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iOid,  in  the  glass  flask,  it  may  be  observeil  that,  simultaneous  witli  thk  noundp 
there  appear  again  bubble*  on  the  bottom  of  the  Bask,  which  bubbles 
on  the  bottoTu  gradually  until  tbcy  leave  the  surface,  and  start  to  rise, 
unlike  the  previous  bubbles  of  air  they  suddenly  collapse  with  a  sbarp  dick, 
which  being  rapidly  repeated  cauaes  the  harsh  hiss.  The  rea^^n  of  the 
collapse  of  these  bubbles  la  that  they  are  bubbles  of  steam  at  the  tem- 
perature of  the  boiling- point  at  the  bottom  of  the  flask,  formed  between  the 
surface  of  the  glas5,  or  metal^  and  held  down  by  capillary  action  until  they 
arc*  large  enough  to  break  away  and  ascend,  when  their  ascension  brings  the 
steani  into  contact  with  the  colder  water  above,  when,  being  free  ftom  atf, 
their  collapse  is  sudden  and  sonorous, 


As  the  temperature  still  further  increaaes  and  the  diflfereiioe  0( 
perature  between  the  water  at  the  bottom  and  that  which  is  abore  diminishi 
the   bubbles   rise  higher  and  higher  before   condensing   but   still   coUa] 
suddenly,  until  the  bubbles  rise  to  the  surface,  when  the  water  boils  arid 
the  sharp  sound  subsides  as  suddenly  m  it  came  on. 


This  analysis  of  the  sound  phenomenon  of  the  kettle,  which  owing  to  our 
familiarity  with  it,  has  hitherto  attracted  but  little  notice,  throws  very 
definite  light  on  a  fact  of  the  greatest  importance  to  physics,  which  it 
would  appear  has  met  with  partial  recognition  only*  ^ 

The  question  as  to  whether  the  motion  of  continuous  liquid  between 

solid  boundaries  with  which  it  is  everywhere  in  contact  can  produce  sound, 
as  a  consequence  of  the  motion,  has  not  I  believe  hitherto  received  any 
definite  answer. 

The  general  association  of  sound  with  running  water  has  doubtless 
obscured  the  subject,  although  for  the  most  part  w^here  it  occurs  the  source 
of  such  sound  may  be  easily  traced  to  the  variation  of  the  positions  of  the 
surface  of  the  water,  and  particularly  where  the  surface  is  discontinuous 
or  intermittent. 

But,  apart  from  such  sources  of  sound,  it  is  a  matter  of  familiar  obser- 
vation that  the  flow  of  water  through  pipes  under  great  pressure,  as  when,  in 
the  water  supply  of  a  town,  the  water  is  brought  from  below  the  surface  of 
a  reservoir  on  a  continuous  slope  into  houses  or  mains  several  hundred  feet 
below  the  reservoir,  and  is  generally  attended  with  a  hissing  noise  ;  and  of  this 
I  believe  no  explanation  lias  hitherto  been  given.  Nor  have  I  ever  heard 
anyone  suggest  that  there  is  any  connection  between  the  singing  of  the 
kettle  and  the  hiss  whicli  almost  invariably  attends  the  opening  of  a  tap  in 
a  pipe  under  considerable  pressure  as  in  a  towns  service.  Yet  when 
observed  the  hiss  of  the  pipe  closely  resembles  the  harshest  sound  of  the 
kettle. 
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It  is  now  some  years  since  I  was  led,  as  the  result  of  hydrodynamical 
analysis  applied  to  a  fluid  having  the  physical  properties  of  water,  to  the 
conclusion  that  both  these  sources  of  sound  have  the  same  origin. 

In  hydrodynamics  it  is  customary  to  consider  the  physical  properties  of 
the  fluid  as  consisting  of  incompressibility  and  perfect  fluidity  only,  no 
account  being  taken  of  internal  cohesion  or  of  adhesion  to  solid  surfaces,  as 
between  water  and  glass,  and  still  less  of  any  vapour  tension  in  spaces  not 
occupied  by  the  water. 

With  these  limited  properties  the  hydrodynamical  problem  only  admits 
of  solution  when  the  circumstances  are  such  that  the  pressure  is  every- 
where positive,  so  that  there  could  be  no  possibility  of  disruption  of  the 
fluid. 

The  case  however  is  entirely  changed  when  we  recognise  that  the  water 
has  cohesion,  depending  on  its  freedom  from  occluded  air  as  well  as  viscosity, 
and  that  where  the  water  is  discontinuous  the  spaces  are  filled  with  vapour 
at  a  tension  corresponding  to  the  temperature. 

It  has  long  been  known,  as  shown  by  Bernoulli,  that  when  water  flows 
along  a  contracting  channel  which  it  completely  occupies,  the  pressure  falls 
approximately  according  to  the  law  that  the  sum  of  the  intensity  of  pressure  p 
and  the  product  of  the  density  of  mass  multiplied  by  the  half  of  the  vis  viva 
is  constant,  or 

p  4-  ^a  =  a  constant. 

Thus  if  water  flows  from  below  the  surface  of  a  reservoir,  of  unlimited 
dimensions,  through  a  conical  tube,  the  small  end  of  which  is  in  connection 
with  the  receiver  of  an  air-pump  from  which  all  air  has  been  removed, 
the  small  end  of  the  pipe  being  at  the  level  of  the  surface  of  the  reservoir, 
supposing  that  there  is  no  vapour  tension,  and  the  pressure  of  the  atmosphere 
1470  lbs.  on  the  square  inch,  the  water  enters  the  receiver  with  a  velocity  of 
46*5  feet  per  second. 

If  however  the  temperature  of  the  water  is  59°  F.  the  vapour  tension  is 
0*241  lbs.  per  sq.  inch ;  so  that  on  entering  the  receiver  the  water  would  boil, 
and  if  the  water  and  vapour  were  continually  removed  the  experiment  might 
be  continued  indefinitely — the  water  enters  in  the  receiver  at  59°  F.  and 
boiling,  so  as  to  maintain  the  vapour  tension  something  less  than  0*241  lbs. 
per  square  inch. 

In  this  case  we  have  a  continuous  stream  of  water  boiling  at  the  ordinary 
temperature  59°  F.  But  this  cannot  be  said  to  be  boiling  in  an  open  tube. 
And  it  is  important  to  notice  that  although  the  water  at  the  neck  entering 
the  receiver  would  be  boiling,  the  temperature  of  the  receiver  would  be 
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Timiiitaitief!  at,  or  about,  59°,  §o  that  there  would  be  no  condensatioD  of 
bubblu8  in  thu  stream  uf  water,  and  ht-nce  the  oulj  hissio^  sound  would 
be  that  rcsnlting  frora  tho  dianiption  of  the  water  as  in  the  prelimmary  hi« 
in  the  kettle  when  the  air  bubbles  are  coming  off 

If  instead  of  withdrawing  the  water  and  vapour  by  means  of  the  air-pump 
we  can  by  taking  off  the  receiver  and  connecting  the  small  end  of  tbe 
conical  tube,  so  far  cotrtracfciiig  in  the  direction  of  flow,  with  a  similar 
conical  tube  the  other  way  about,  ie.,  expanding  in  the  direction  of  flow  aiid 
discharging  into  a  reservoir  at  a  lower  level  than  that  of  the  supply*  make 
such  aiTatigenients  that  the  momenttun  of  the  water  entering  the  diverging 
jiipe  at  the  minimum  section  would  be  sufficient  to  sweep  out  the  water  and 
bubbles  of  vapour  and  air  which  had  been  formed  in  the  contracting  tube, 
and  secure  in  the  expanding  jiipe  a  law  of  pressure  and  velocity  somewhat 
similar  to  that  of  the  contraction : 

p  +  p#  ^  a  constant. 

Then  as  the  bubbles  of  air  and  vapour  in  the  stream  would  be  carrie^l  with 
great  velocity  from  the  low  pressure  at  the  neck,  where  they  formed,  into  the 
higher  pressure  in  the  wider  portion  of  the  expanding  tube ;  ao  that  the 
pressure  being  greater  than  the  vapour  tension,  condensation  would  ensut* 
and  the  bubbles  would  collapse,  producing  the  hiss  of  the  kettle  before 
boiling,  and  in  this  case  we  should  have  water  boiling  in  an  open  tube. 
Although  certain  conditions  are  necessary  a  simple  experiment  shows  that 
these  may  be  realized. 

Take  a  glass  tube,  say,  half-an-inch  internal  diameter  and  six  inches 
long,  and  draw  it  down  in  the  middle  so  as  to  form  a  restriction  with  easy 
gradual  curves  so  that  the  inside  diameter  in  the  middle  is  something  less 
than  the  tenth  of  an  inch,  leaving  the  parallel  ends  of  the  tube  something  like 
2^  inches  each.  And  then  connect  one  of  these  parallel  ends  by  flexible  hose 
to  a  water  main  which  is  controlled  by  a  tap.  Then,  on  first  opening  the  tap, 
the  water  entering  from  the  main  at  A  will  fill  the  tube  as  far  as  the 
restriction,  and  pass  through  the  restriction,  but  it  will  not,  in  the  first 
instance,  of  necessity  fill  the  tube  on  the  far  side  of  the  restriction.  If  the 
water  is  turned  on  very  slowly  and  the  open  end  of  the  tube  is  inclined 
upwards,  then  the  water  will  accumulate  and  fill  the  tube,  displacing  the  air. 
But  if  the  water  is  turned  on  sharply  so  that  when  it  reaches  the  neck  it 
has  a  velocity  of  40  or  50  feet  a  second,  the  water  after  passing  the  minimum 
section  will  preserve  its  velocity  and  shoot  out  as  a  jet  from  a  squirt, 
not  touching  the  sides  of  the  glass,  while  if  the  open  end  of  the  tube  be  held 
downwards  the  water,  whatever  the  velocity,  will,  after  passing  the  restriction, 
run  out  of  the  tube  without  filling  it. 
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In  neither  of  these  cases  is  there  any  hiss  or  sound  except  such  as  is 
caused  by  the  free  jet  passing  through  the  air. 


But  on  holding  the  open  end  of  the  tube  upwards  and  quietly  filling  both 
limbs  of  the  tube  by  opening  the  tap  very  quietly,  as  in  case  (1),  and  then 
turning  on  more  water,  the  water  will  not  shoot  out  in  a  jet  but  will  come 
out  like  any  other  stream — as  it  might  do  if  there  were  no  restriction. 

At  first,  while  the  velocity  through  the  neck  is  below  50  feet  per  second, 
there  is  no  sound,  but  as  soon  ixs  a  velocity  of  54  feet  per  second  is  attained, 
or  a  little  more,  a  distinct  sharp  hiss  is  heard — exactly  resembling  that  of  the 
kettle  or  the  hiss  of  the  water  through  a  tap. 

So  far  however  this  is  no  proof  that  the  hiss  is  the  result  of  the  boiling 
or  disruption  of  the  water.  But  the  hiss  is  not  the  only  evidence  aflForded 
by  the  experiment.  If  the  glass  tube,  through  which  the  water  is  flowing  at 
velocities  below  that  at  which  the  sound  comes  on,  be  carefully  examined 
against  a  black  ground  to  see  whether  there  are  any  imperfections  in  the 
glass  in  the  region  of  the  neck,  such  as  minute  bubbles,  and  the  positions  of 
any  such  carefully  located ;  and  if  then,  after  increasing  the  flow  so  that  the 
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hiss  just  bogiris^  it  be  carefully  examintHi  again,  a  small  white  speck  will  he 
wbscrvftble  satiiewhere  in  the  region  of  the  miniinum  section  a  little  before 
where  the  water  eiitens  the  neck.  This  is  always  observable  unless  obactiml 
by  imperfection  in  the  gbisa  And  a  crucial  test  is  afforded  by  varying  the 
tap  so  BM  to  bring  the  hiKS  on  and  off;  when  it  will  he  seen  that  the  appear- 
ance and  disappearance  of  the  spot  and  the  Btarting  and  stopping  of  the  hiss 
are  aitnultaneous. 

Thd  white  spot  againet  a  dark  ground  indicates  reflection  of  light  by  a 

frostdiko  surface  such  as  would  be  afforded  by  bubbles  coming  on  and  going 
off  rapidly,  and  is  thus  a  crucial  proof  of  disruption  iu  the  water  or  between 
the  water  and  the  glass. 

The  Bound,  when  it  first  comes  on,  is  generally  loud  en4>ugh  to  be  hearJ 
distinctly  over  a  It'eturc  room,  and  any  increase  in  the  flow  augments  the 
Bound  im  well  as  the  mze  of  the  ^mt     Sec  Fig.  4,  page  583. 

During  the  exporinient  the  water  is  quietly  flowing  out  of  the  tube 
running  with  a  full  bore  but  with  rather  an  uneven  surfiice,  which  indicate!! 
some  internal  flisturhnnce*  If  h<>wcvcr  the  parallel  parts  of  the  tube  leading 
to  the  open  entl  be  examined  both  when  the  hiss  is  on  and  off  another 
phenomenon  will  be  observed,  which  again  furnishes  evidence  of  the  effects 
of  boiling. 

When  the  hisa  is  on,  the  water  in  the  tube  will  be  somewhat  opaque — 
rather  foggy — which  fog  di^mppears  after  the  hiB3  is  stopped. 

This  fog  is  caused  by  the  separation  of  the  air  occluded  in  the  water, 
and  corresponds  exactly  to  the  separation  of  the  air,  as  when  the  tem- 
perature of  the  water  in  the  kettle  is  above  174"  F.  In  the  case  of  the  tube 
the  bubbles  of  air,  which  separate  out,  are  very  much  smaller  than  those 
in  the  kettle  on  account  of  the  greater  violence  of  the  action. 

If  however  instead  of  holding  the  tube  with  the  mouth  inclined  upwards 
the  tube  be  immersed  in  a  beaker  of  water,  the  water  coming  out  of  the 
tube  into  the  beaker  will  present  the  appearance  of  clouds  of  white  smoke 
from  a  chimney.  On  close  examination  it  is  seen  that  the  whiteness  is  due 
to  minute  bubbles,  while  the  cloud-like  appearance  in  the  beakers  is  owiug 
to  the  fact  that  the  air  in  these  bubbles  is  being  somewhat  rapidly  again 
occluded  by  the  water  in  the  beaker,  while  the  motion  of  the  water  in  the 
beaker,  disturbed  by  the  flow  from  the  tube,  wafts  the  foggy  \vater  as  it 
leaves  the  tube  in  directions  which  are  continually  changing  until  the 
reocclusion  terminates  their  existence,  leaving  those  parts  of  the  water 
farthest  from  the  mouth  of  the  tube  practically  clear. 

In  showing  this  experiment  it  is  not  my  object  to  enter  into  the  hj*dro- 
dynamical  and  physical  considerations,  on  which  the  explanation  of  incrciise 
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of  pressure  as  the  water  flows  along  the  diverging  tube  depends.     And 
I  will  conclude  by  pointing  out  that  these  considerations  are  entirely  distinct 


from  those  on  which  the  fall  of  pressure  in  the  water  proceeding  along  the 
converging  channel  depends. 

In  the  latter  eddies  or  tumultuous  motion  the  water  has  no  i'unction 
other  than  that  of  diminishing  the  rate  at  which  the  pressure  falls,  while  in 
the  former  the  rate  of  increase  in  the  pressure  depends  entirely  on  this 
sinuous  eddying  or  tumultuous  motion. 

It  has  been  proved  definitely  that  water  moving  between  solid  boundaries 
has  two  manners  of  motion  depending  on  whether  the  value  of  the  quantity 
expressed  by 

^   —  is  greater  or  less  than  a  certain  numerical  constant  K. 

In  a  parallel  pipe  water  in  tumultuous  motion  entering  with  a  velocity 
V  such  that 

is  greater  than  1400, 

/^ 

will,  as  it  flows  in  the  pipe  at  a  steady  rate,  convert  all  the  eddying  motion 
into  heat. 

While  if  water  enters  a  pipe  without  tumultuous  motion,  such  motion 
will  be  generated  if 

is  greater  than  1900. 

These  limits  have  been  for  some  time  established  as  the  limits  of  the 
criterion  K  for  straight  smooth  pipes,  and  having  thus  found  the  limiting 
values  of  the  purely  numerical  physical  constant,  it  still  remains  to  find  the 

form  of  the  function  corresponding  to  ^—      under  other  boundary  conditions 
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such  as  pamllel  pipps  with  sections  other  thaii  round  and  sroooth  and  for 
converging  or  diverging  btmndjiriesi.  Such  dettiriaiiiations  present  ai^yticd 
difficulties  which  have  not  been  altogether  overcome.  But  it  has  been 
possible  to  obtain  from  analysis  evidences  that  in  converging  pipes  the  critical 
velocity  increases  very  rapidly  with  the  rate  of  convergence  and,  on  the 
other  hand,  that  the  critical  velocity  m  diverging  pipes  dinainiBhes  veij^ 
rapidly  as  the  divergence  increases* 

When  the  mean  velocity  of  the  water  taken  over  the  i^ection  of  the  pipe, 
wliothor  parallel,  converging  or  diverging;  is  greater  than  tht^  critical  velocity, 
there  h  a  nteady  fall  of  pressure  all  along  the  chainicl  and  no  rist*  of  prefimra 
in  any  part,  as  long  as  the  flow  is  horizontal 

But  as  soon  as  the  rate  of  mean  flow  exceeds  the  critical  velocity  the 
motion  becomes  tumultutxm^ — the  water  moving  in  all  directions  across  the 
chantiel  as  well  as  along  the  channel;  so  that  the  continual  mixing  np  f^f 
the  water  which  has  high  forward  velocity  with  that  which  has  less,  effectai 
by  the  lateml  motion,  ensures  a  nearly  uniform  velocity  of  mean  flow  across 
the  channel  between  the  boundaries,  except  at  the  actual  boundan^. 

The  eddies  or  tumultuous  motion  represent  an  irreversible  loss  of  head  or 
vertical  energy  in  the  outflowing  stream,  but  this  loss  is  definitely  controlled 
by  the  laws  of  momentum,  and  were  it  not  for  the  resistance  at  the  bonndaries 
this  law  would  admit  of  analytical  expression. 

Thug,  taking  u  for  the  velocity  of  flow,  /(tan  0)  as  expressing  the  divei^g* 
ence  of  the  boundaries,  a:  as  the  direction  of  flow,  A  for  the  area  of  the  section, 
Ac  the  area  at  the  neck, 

Pc  +  puc'  -  /(tan  6)  pile' .  |l  -  (^j]  =  gpH^ 

Such  law  is  only  approximately  fulfilled  on  account  of  our  want  of 
definite  knowledge  of  the  resistance  at  the  boundaries.  But  it  is  coin- 
paratively  easy  to  experimentally  determine  the  value  of  the  function /(tan  0) 
for  some  particular  arrangement,  and  it  is  found  that  the  same  law  holds 
for  all  geometrical  similar  arrangements  however  different  the  dimensions 
may  be,  provided  that  the  velocity  is  inversely  proportional  to  the  linear 
dimensions. 

It  also  appears  that  if  the  divergence,  as  expressed  by  tan  0,  is  small, 
owing  to  the  greater  length  the  water  has  to  traverse  in  the  diverging 
channel  to  attain  equal  total  divergences,  the  loss  of  head  owning  to  the 
resistance  at  the  boundaries  exceeds  the  resistance  where  tan  0  is  greater ; 
so  that  there  is  a  particular  value  of  tan  0  for  which  the  loss  of  he^vd  is  a 
minimum.  And  it  is  found  by  experiment  that  when  tan  0  is  such  that  the 
loss  is  a  minimum  the  loss  of  head  is  about  0'4.  Taking  this  to  be  the  total 
loss  of  head  in  the  whole  arrangement,  it  follows  as  a  direct  consequence 
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that  with  the  pressure  of  the  atmosphere  14'70  lbs.  per  square  inch,  and  the 
temperature  59°  F.  giving  a  vapour  tension  0*241  per  square  inch,  the 
minimum  pressure  necessary  to  reduce  the  pressure  at  the  neck  to  the 
vapour  tension  would  be 

ii™^,''-^" +  0-24..24-34, 

or  subtracting  the  pressure  of  the  atmosphere  the  excess  of  pressure  in  the 
reservoir  over  and  above  that  of  the  atmosphere  is  9*64  lbs.  per  square  inch. 

In  this  case,  supposing  there  were  very  little  air  occluded  in  the  water 
there  would  be  no  boiling  or  rupture  in  the  water,  but  with  the  usual  amount 
of  air  the  ruptures  would  occur  under  a  somewhat  less  difference  of  head, 
such  rupture  corresponding  to  the  preliminary  discharge  of  air  in  the  kettle. 

If  the  head  is  increased  the  point  of  rupture  takes  place  earlier,  that  is, 
at  a  point  before  the  neck  is  reached,  and  the  supply  of  air  being  strictly 
limited  the  pressure  will  fall  until  the  water  boils,  sending  forth  the  hissing, 
or  it  may  be  screaming,  sound  resulting  from  the  sudden  condensation  of  the 
vapour  entering  the  higher  pressure  after  passing  the  neck  and  producing 
the  further  evidence  of  disruption  already  pointed  out.  And  thus  demon- 
strating that  the  only  sound  due  to  the  flow  of  water  between  solid 
boundaries  results  from  the  boiling  or  disruption  of  the  water,  whether 
the  actual  source  of  the  sound  is  the  disruption  or  the  subsequent  condensa- 
tion of  the  vapour  in  the  vacuum  produced. 


ON   THE   BEHAVIOUR    OF   THE   SURFACE  OF    SEPARATION 
OF  TWO  LIQUIDS  OF  DIFFERENT  DENSITIES. 

[From  the  Niidh  Vol  of  tlie  Fourth  Series  of  the  "  Memoirs  and  Pro€t*ecl- 
ings  af  the  Manchestai*  Literary  autl  Philoaophiail  Society."  Sesgim 
1894—95.] 

(Ihad  March  19,  1895.) 

The  paradox  first  noticed  by  Benjamin  Franklin  which  was  broiLght 
before  the  Society  by  Dr  Schuster  at  the  last  meeting,  namely,  that  whea 
a  glass  vessel  contain! nt^^  water  and  oil,  so  that  the  oil  floats  on  the  top  of  the 
water,  forming  two  surfaces,  one  the  upper  surface  of  the  water  and  lower 
surface  of  the  oil,  the  other  the  surface  between  the  oil  and  the  air,  is  moved 
with  a  periodic  motion,  the  surface  separating  the  two  fluids  is  much  more 
sensitive  and  much  more  disturbed  than  the  upper  surface,  is  very  striking, 
even  when  the  motion  of  the  vessel  is  somewhat  casual — such  as  may  be 
imparted  by  the  hand.  And  the  paradox  becomes  even  more  pronounced 
when  the  vessel  is,  by  suspension  or  otherwise,  subject  to  regular  harmonic 
motion  in  one  plane,  and  compared  with  a  vessel  similar  in  all  respects  and 
similarly  situated,  except  that  it  contains  one  fluid  only.  For  while  the 
upper  surface  of  the  oil  appears  to  follow  the  motion  of  the  vessel,  remaining 
very  nearly  perpendicular  to  the  line  of  suspension,  as  it  would  if  the  whole 
mass  were  a  solid,  the  free  surface  of  the  water  in  the  vessel  without  oil 
has  a  decidedly  greater  amplitude  than  that  of  the  line  of  suspension,  though 
the  oscillations  are  exactly  in  the  same  phase  and  the  amplitude  is  still 
small.  On  the  other  hand  the  surface  separating  the  oil  and  water  has  an 
oscillatory  motion  about  the  line  of  suspension,  much  greater  in  magnitude 
than  that  of  the  surface  of  the  water  in  the  vessel  without  oil,  and  in  exactly 
the  same  or  the  opposite  phase.  Another  very  striking  fact  is  that  all  the 
surfaces  appear  to  remain  plane  surfaces  when  the  motion  is  within  certain 
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considerable  limits.  These  motions,  however,  do  depend  on  the  relations 
between  the  length  of  the  pendulum,  the  size  of  the  vessel,  and  the  depths 
of  the  fluids,  the  phase  of  the  separating  surface  changing  from  the  same 
to  the  phase  opposite  to  that  of  the  line  of  suspension  if  the  pendulum 
is  shortened.  The  solution  of  the  problem  presented  by  this  paradox, 
although  not  altogether  confirmed  or  fully  worked  out,  appears  to  be  in- 
dicated by  the  fact  that  the  oscillations  of  all  the  surfaces  are  steady,  and 
in  the  same  or  opposite  phase  with  the  line  of  suspension,  that  is,  in  the 
same  or  opposite  phase  with  the  disturbance,  together  with  the  fact  that 
the  free  surfaces  of  the  fluids  remain  nearly  plane.  For  if  any  material 
system  is,  when  disturbed,  capable  of  oscillating  in  a  particular  period  (its 
natural  period),  and  such  oscillation  is  subject  to  a  viscous  resistance,  then  if 
subject  to  a  very  gradually  increasing  disturbance,  having  a  period  longer 
than  the  natural  period,  the  system  will  oscillate  in  the  period  of  disturbance 
always  in  the  same  phase  as  the  disturbing  force.  But  if  the  disturbance 
has  a  period  shorter  than  the  natural  period,  the  system  will  oscillate  in  the 
same  period  as  the  force,  but  in  the  opposite  phase.  Now,  in  the  vessel  with 
oil  and  water  three  systems  of  oscillation,  or  wave  motions,  are  possible.  If 
the  vessel  were  completely  full,  so  that  there  were  no  free  surface,  and  if 
there  were  no  oil,  no  oscillation  would  be  possible  except  (1)  the  pendulous 
motion.  If  half  full  of  oil  and  filled  up  with  water,  then,  if  disturbed  and 
left,  a  wave  motion  (2)  in  its  natural  period  would  be  set  up  in  the  surface 
between  the  oil  and  water.  In  the  same  way  (3)  if  the  vessel  were  half 
full  of  water  without  oil.  But  in  the  latter  case  (3)  the  natural  period  would 
be  two  or  three  times  less  than  (2)  between  the  oil  and  water.  Now, 
when  the  vessel  contains  oil  and  water,  disturbances  (2)  and  (3)  will  both 
be  set  up,  and  might  continue,  till  destroyed  by  viscosity,  in  their  natural 
periods  if  these  were  the  same,  but  the  periods  being  different,  the  oscilla- 
tions in  the  period  (3)  would  cause  periodic  disturbance  in  (2),  and  the 
natural  period  of  (3)  being  much  shorter  than  that  of  (2),  the  oscillation 
so  maintained  in  (2)  would  be  in  opposite  phase  to  (3),  but,  owing  to 
viscosity,  such  maintenance  would  be  of  short  duration.  If,  however,  the 
natural  period  of  the  pendulous  motion  (1)  of  the  vessel  were  in  magnitude 
between  the  periods  (3)  and  (2),  smaller  than  (2)  and  greater  than  (3),  then  it 
would  maintain  an  oscillation  in  the  same  period  as  the  pendulous  motion 
in  (3)  and  also  in  (2),  that  in  (3)  having  the  same  phase  as  the  pendulum, 
that  in  (2)  having  the  opposite  phase.  So  far  this  explanation  is  only 
partial,  as  it  is  assumed  that  there  will  be  a  disturbance  in  (2)  in  the 
same  phase  as  in  (3).  That  this  must  be  the  case,  however,  becomes 
evident  when  it  is  considered  that  the  motion  of  the  water  cannot  be  that 
of  a  solid,  but  must  be  irrotational,  and  that  the  disturbance  arises  fit)m 
the  non-spherical  form  of  the  surfaces  of  the  fluids.  If  the  surface  of  the 
vessel  were  flexible,  the  motion  of  the  fluids  would  be  essentially  that  of  a 


of  the  spherical  vessel ;  and  the  dotted  curve  stows  the  shape  this  surface 
would  beccniic  if  it  wvtp  Huhjf^ct  to  the  samo  distortion  as  the  water.  In 
fact,  the  vessel  is  rigid,  and  the  surface  of  the  water  must  conform  to  it, 
which  requires  further  internal  distortional  motion  of  the  water.  It  is  seen 
there  is  an  excess  of  water  at  the  top  on  the  higher  side  and  a  deficiency  on 
the  lower,  to  supply  which  the  upper  surface  must  be  still  further  tipped, 
while  there  is  a  deficiency  on  the  higher  side  below  and  an  excess  on  the 
lower  side,  to  remedy  which  the  lower  surfiice  must  tip  in  the  opposite 
direction.  This  is  exactly  what  is  seen  with  the  oil  and  water,  and  is  there 
though  it  cannot  be  seen  in  the  water,  although  not  to  so  great  an  extent 
because  there  is  no  possibility  of  an  internal  wave  a.s  between  the  oil  and 
water. 


65. 


ON  METHODS  OF  DETERMINING  THE  DRYNESS  OF 
SATURATED  STEAM  AND  THE  CONDITION  OF 
STEAM   GAS. 

[From  Volume  41,  Part  L  of  "  Memoirs  and  Proceedings  of  the  Manchester 
Literary  and  Philosophical  Society."    Session  1896-97.] 

(Read  November  3,  1896.) 

When,  after  all  air  has  been  expelled  from  a  vessel  partially  filled  with 
water  and  kept  at  rest  at  a  constant  temperature,  equilibrium  is  established, 
the  vapour  is  said  to  be  dry  saturated  steam. 

It  is  easy  to  show  that  under  these  circumstances  the  pressure  of  the 
steam  is  a  definite  function  of  the  temperature.  But  it  has  been  found  very 
ditficult  to  show,  by  direct  means,  that  the  density  of  the  steam  is  also  an 
invariable  function  of  the  temperature,  although  many  experiments,  from 
the  time  of  Watt,  have  indicated  that  this  is  the  case ;  those  of  Fairbaim 
and  Tate  being  the  least  open  to  criticism. 

That  the  density  of  dry  saturated  steam  is  a  constant  function  of  the 
temperature  has,  however,  been  completely  established  indirectly  by  the 
experiments  of  M.  Regnault  on  the  total  heat  of  evaporation,  although 
these  experiments  do  not  directly  furnish  a  measure  of  the  density.  These 
experiments  consisted  in  maintaining  a  vessel  containing  a  definite  quantity 
of  water  in  steady  constant  condition  as  to  temperature  and  pressure  and 
quantity  of  water,  by  the  steady  admission  of  water  at  any  constant  tem- 
perature, and  the  withdrawal  of  the  vapour  in  an  upward  direction,  with  a 
slow  motion  so  as  to  preclude  the  convection  of  water  out  of  the  vessel  by  the 
steam,  the  steam  so  withdrawn  being  condensed  in  a  calorimeter  back  again 
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to  water  at  any  constant  teini><3mture.  The  results  proving  that  the  t^tal 
amount  of  heat  given  up  by  the  steam  for  each  tc^mperature  in  the  boiler 
is  tionsistrentlj  proportional  to  the  weight  of  steara  condensed. 

It  thus  appears  that  the  density  of  saturated  steam  at  eouBtant  tem- 
perature must  be  oonsitant,  and  that  grav^ity  alone  is  sufficient  tx>  free  the 
saturated  a  team  from  any  watt^r  that  may  have  been  entangled  with  it  by  the 
action  of  boiling,  proviuled  the  rate  of  flow  over  the  eiu-faces  i^  not  sufficient 
to  carry  along  with  the  steam  any  water  there  may  be  on  the  surfaces.  It 
was  only  after  the  utmost  care  in  securing  these  conditions  that  Regnauti 
succeeded  in  obtaining  consistent  results— which  results  have  ?iince  beini 
confirmed  by  many  researchea,  including  that  of  Messn*  Marker  and  Hartag 
reafl  before  the  Society  laat  year. 

It  is  to  be  noticed  that  the  whole  theoiy'  of  the  properties  of  ste-atn,  as  at 
present  accepted,  and  all  the  nteani  tables,  are  founded  on  these  experinioQt& 
of  Regnault'H  on  the  total  heat  of  evapomtion,  so  that  if  any  other  definition 
is  given  of  dry  natumted  steam,  than  that  of  the  vapour  of  water  which 
results  from  boiling  the  water  under  constant  pross\ire  after  it  is  drained  of 
entangled  water  by  gnivitation,  these  properties  and  table^s  will  not  apply. 


Wet  Stewm, 


J 


For  the  most  part  the  precautions  taken  by  Regnault  are  precisely  thoise 
under  which  steam  is  produced  in  practice.  That  is  to  say,  in  practice  the 
conditions  in  the  boiler  are  maintained,  as  far  as  practicable,  steady,  and 
the  steam  is  withdrawn  in  a  vertical  direction  from  the  steam  space  over  the 
water,  where  it  is  drained  by  gravitation.  Owing,  however,  to  exigencies 
as  to  space  and  weight,  a  great  deal  more  steam  is  often  generated  in 
proportion  to  the  space  than  was  the  case  in  the  experiments.  Also  the 
velocity  of  the  steam  after  entering  the  steam  pipes  is,  in  practice,  often  so 
great  that,  even  where  these  are  ascending,  any  water  that  may  have  been 
drawn  in  with  the  steam,  or  produced  by  condensation  owing  to  the  radiation 
of  heat  from  the  pipes,  is  swept  along  with  the  steam ;  and  where,  as  in  cases 
like  the  locomotive,  the  engine  is  under  the  boiler,  so  that  the  pipes  are 
descending,  this  must  be  so.  Under  such  conditions  the  steam  as  it  enters 
the  engine  will  be  accompanied  by  some  water,  and  is  then  variously  called 
"  wet  steam,"  "  nearly  dry  steam,"  or  "  super-saturated  "  steam,  though  the 
last  name  is  apparently  intended  to  imply  that,  notwithstanding  Regnault's 
experiments,  the  density  of  steam  after  drainage  is  not  necessarily  a  definite 
function  of  the  temperature  or  pressure. 

Whatever  may  be  the  cause  of  the  water  entering  the  engine  with  the 
steam,  its  presence  in  unknown  cpiantity  prevents  Regnault's  formula  for  the 
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tot^l  heat  of  evaporation  from  being  used  to  form  a  correct  estimate  of  the 
quantity  of  heat  received  by  the  engine.  For  the  only  measures  of  the  steam 
supplied  to  the  engine  are  obtained  from  the  measures  of  the  feed-water 
supplied  to  the  boiler,  or  the  water  discharged  from  a  surface  condenser,  so 
that,  if  an  unknown  quantity  of  water  enters  with  the  steam,  estimates  so 
formed  must  be  in  excess. 

This  is  a  matter  of  very  serious  consideration  in  all  attempts  to  obtain  a 
comparison  of  the  actual  performance  of  an  engine  in  work  done,  as  com- 
pared with  the  theoretical  performance  under  ideal  conditions.  And,  as  the 
modem  practice  of  steam  engineering  is  largely  guided  by  the  results  of  such 
attempts,  methods  of  assuring  dry  steam  or,  failing  that,  of  in  some  way 
measuring  the  percentage  of  water  passing  with  the  steam  into  the  engine, 
have  attracted  a  great  deal  of  attention. 

For  purely  experimental  purposes,  it  is  always  possible  to  supply  the 
engine  with  dry  steam,  even  where  the  boiler  is  at  a  distance,  by  passing  the 
steam  through  a  suflSciently  large  vessel  close  to  the  engine,  so  that  the  water 
may  be  disentangled  by  gravitation  before  the  steam  enters  the  engine. 
These  are  called  water-separators.  In  some  cases  such  separators  form  part 
of  the  engine,  but,  although  their  employment  is  becoming  more  common, 
it  is  only  in  comparatively  few  ctises  that  this  is  practicable. 

In  other  cases,  that  is,  in  the  great  majority  of  cases,  the  desire  to  obtain 
some  experimental  evidence  of  the  percentage  of  water  in  the  steam  as  it 
enters  the  engine,  has  led  to  the  use  of  methods  of  testing  samples  of  the 
steam  drawn  continuously  from  the  steam  pipe  close  to  the  engine. 

Sampling  the  Steam, 

In  such  methods,  the  question  of  getting  a  fair  sample  of  the  steam  as  it 
enters  the  engine  is  quite  distinct  from  that  of  testing  the  sample  so 
obtained.  The  water  in  the  pipe,  although  moving  in  the  direction  of  the 
steam,  will  not  be  uniformly  distributed  throughout  the  steam,  and  will,  to  a 
great  extent,  merely  drift  along  the  surface  of  the  pipe  and  mostly  on  the 
lower  surface,  so  that  unless  a  sample  taken  from  the  lowest  part  of  the  pipe 
is  found  to  be  dry,  in  which  case  the  steam  is  dry,  such  methods  afford 
but  little  evidence  as  to  the  percentage  of  water  entering  the  engine  with 
the  steam. 

Testing  the  Samples. 

For  absolute  dryness  such  samples  may,  where  the  pressure  in  the  steam 
pipe  is  steady,  be  tested  by  allowing  the  sample  to  flow  quietly  through 
a  separator,  so  as  to  drain  out  the  water,  the  weight   of  which  is  then 
o.  B.   II.  38 
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oW^rved.  But  any  attempt  to  eBtiTnate  the  percentagie  of  water  in  the 
Hiimplo  invohas  the  subsequent  condensation  and  weighing  of  the.  Hteum 
in  the  sample,  as  well  bs  the  drained  water,  which  an3  diflrctilt  and  com* 
plicat4?d  operations.  Besides  this,  the  pressure  in  the  steam  |>ii>e  near  the 
engine  h  generally  subject  to  congideralile  periodic  alterations,  owing  ki  the 
intorniitteut  and  periotlic  demand  for  isiteani  in  the  engine,  which  iotroducee 
«5om plications  of  unknown  extent 


Wim-dramintf  Calmim^t0r9. 

With  a  view  to  obtainmg  a  test  for  the  samples  of  steam,  which  should  be 
indejjtnident  of  the  separator,  the  so-called  WireKlrawing  Calorimeter  has 
bwn  intrtMlueed.  In  this,  the  sample  of  steam,  whether  it  has  been  fitst 
drained  or  not,  is  received  quietly  in  a  vessel  at  the  same  pressure  as  the 
steam  pipe,  where  it  is  at  steady  known  pressure;  from  this  it  in  allowi^  to 
escajK*  e<>ntinuoii&ly  through  a  small  orifice  into  a  second  larger  vetssel,  main- 
tainetl  at  greatly  lower  pre^ure  than  the  first.  In  this  its  temperature  and 
pressure  are  measnreti,  the  steam  then  passing  on  into  a  condenser  Dr  kta 
the  atmosphere* 

The  quantity  of  water  present  is  then  estimate*!  from  the  observed  prt^sures 
in  the  two  vessels,  and  the  difference  between  the  observed  temperature  in  the 
second  vessel  and  the  temperature  of  saturation  at  that  pressure,  as  taken 
&om  Bagnault's  tables. 

Such  calculations  are  at  once  seen  to  be  based  on  Regnault's  deter- 
mination of  the  relations  between  the  pressure  and  temperature  of  saturated 
steam,  together  with  the  heat  relations,  whatever  they  may  be,  between 
saturated  steam  and  superheated  steam.  And,  as  the  second  relation  does 
not  appear  to  be  known  except  as  a  very  rough  approximation,  the  results  so 
obtained  must  be  doubtful. 

Results, 

The  results  obtained  with  these  calorimeters  have  apparently  revealed 
the  presence  of  anything  up  to  5  per  cent,  more  water  in  the  samples  than 
revealed  by  the  simple  separator,  and  this  even  when  the  steam  has  been 
drained  in  the  separator  before  passing  into  the  calorimeter. 

This  apparent  experimental  evidence  of  previously  unsuspected  water 
carried  by  steam  hiis  necessarily  excited  great  interest,  and  is  naturally 
welcomed,  as  it  apparently  brings  the  engines  by  so  much  nearer  per- 
fection. 

On  second  thoughts,  however,  a  very  serious  consideration  will  present 
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itself,  namely,  that  if  the  drained  steam  from  a  separator  contains  latent 
water,  the  drained  steam  from  the  separator  on  which  Regnault  made  his 
experiments  must  also  have  contained  similar  latent  water,  and  hence  the 
theoretical  volumes  of  steam,  which  are  based  solely  on  these  experiments, 
must  be  subject  to  identically  the  same  corrections  as  the  observed  results, 
so  that  the  discovery,  if  true,  would  thus  leave  the  percentage  of  theoretical 
performance  unchanged,  while  it  would  upset  the  truth  of  Regnault  s  results 
as  to  the  properties  of  steam — and,  moreover,  upset  all  other  deductions 
from  these  properties,  including  the  deductions  involved  in  these  estima- 
tions. 

That  such  is  the  case  cannot  be  admitted  until  after  the  fullest  con- 
sideration and  verification  of  the  experiments,  and  of  the  method  of 
reduction  by  which  the  novel  results  have  been  obtained. 

These  experiments  are  many,  and  the  methods  of  reducing  the  results 
have  not  been  very  fully,  although  widely,  published,  but  in  all  that  I  have 
seen  the  results  have  been  deduced  by  means  of  the  properties  of  ste^m  as 
determined  by  Regnault's  experiments,  by  a  formula  which  is  based  on  a 
misunderstanding  of  the  meaning  of  "  the  specific  heat,  at  constant  pressure, 
for  steam  when  in  the  gaseous  state,"  as  determined  by  Regnault.  And  that 
this  must  have  been  the  case  with  the  other  results  would  seem  to  follow 
from  the  fact  that  this  formula,  when  based  on  the  correct  meaning,  affords 
no  definite  result  at  all  under  the  circumstances  of  the  experiments. 

It  has  thus  seemed  to  me  important  not  only  to  call  attention  to  the  error 
in  reduction  by  which  certain  of  these  results  have  been  obtained,  but  also 
to  indicate,  and  if  possible  to  verify,  a  method  by  which  experiments  could 
be  made,  so  that  Regnault's  determination  of  the  specific  heat  of  steam  gas 
could  be  correctly  used  to  ascertain  whether  or  not  such  latent  water  does 
exist  in  drained  steam — that  is,  to  ascertain  whether  Regnault*s  experiments 
on  the  specific  heat  of  steam  gas  are  consistent  with  his  experiments  on 
the  latent  heat  of  steam. 

In  the  present  paper  the  purpose  is  limited  to  pointing  out  the  theory  of 
the  reductions,  and  to  giving  indications  of  the  method  of  experimenting, 
the  general  character  of  the  apparatus,  and  the  precautions  necessary. 

The  Theory  of  the  Reductions. 

By  the  law  of  conservation  of  energy,  when  a  steady  stream  of  matter 
flows  through  a  chamber  with  fixed  walls,  so  that  the  condition  within  the 
chamber  is  steady,  the  energy  of  the  matter  which  enters  (potential  and 
actual)  is  equal  to  the  energy  which  leaves  in  the  same  time,  and  hence  is 
equal  to  the  energy  of  the  matter  which  leaves,  together  with  such  energy  as 
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may  escape  into  the  walla  of  the  chamber.     Thui,  if  a  stream  of  fluid  flowi 
IB  a  horizontal  directioo  through  a  fixed  passage  and  if 


p*  =  pressure, 
r/  —  temperature, 

F/=  volume  per  lb,  of  fluid,  }  at  A, 

JJ^  -_  pj'  K,'  =  mechanical  equivaleut  of  heat  per  lb.  of  fluid, 
Uj  »  velocity  of  fluid 

Pi  =  pressure, 
y/=:temperaturei 

Fa'  =  volume  por  lb.  of  fluid,  y  at  B, 

H^  -  FJ  K/  =  mechanical  equivalent  of  heat  per  lb*  of  fluid, 
«i^=  velocity  of  fluid 

and  fl}  =  the  mechanical  equivalent  of  heat  received  through  the  suriacs? 

per  lb.  of  fluid  passing  through ; 


then 


^.'+g  +  H,=^;  +  |. 


.(1). 


Also,  if  the  fluid  at  A  consists,  per  lb.,  of 

Si  lb.  of  steam  and  (1  —  ^i)  lb.  of  water, 

and  at  B  consists  of 

S^  lb.  of  steam  and  (1  —  S^)  lb.  of  water, 

and  if  Ai  and  h.^  are  put  for  the  mechanical  equivalents  of  heat  per  lb.  of  water 
respectively  at  the  temperatures,  T^  and  To*  of  saturated  steam  at  pressures  of 
P/  and  P2  respectively,  then  T^  =  T^y  where  P,'  and  T^  are  pressure  and 
temperature  corresponding  to  the  initial  state  of  saturated  steam  at  A,  and 
T2  may  be  taken  to  correspond  to  the  temperature  of  saturated  steam  at 
pressure  P/.  And  if,  further.  Hi  equals  the  equivalent  of  the  total  heat 
of  evaporation  at  pressure  P/  per  lb.,  then 

H,'  =  S,(H,-h,}  +  h, (2). 

And  if,  similarly,  H2  and  h^  correspond  to  the  temperature  of  saturated  steam 
at  pressure  Pg',  then 

H^  =  S,{H,-h)-\-K^K{T^--T,) (3), 
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where  K  is  the  mean  specific  heat  of  steam  at  constant  pressure  between 
the  temperatures  T/  the  actual  temperature  at  B,  and  T^  the  temperature  of 
saturated  steam  at  the  actual  pressure  (P,')  at  B.  It  being  noticed  that,  if 
1  -  fi^  is  greater  than  nothing,  7/  =  2^,  so  that  the  last  term  in  (3)  vanishes. 
While,  if  (1  —  iSa)  is  zero,  this  last  term  expresses  the  heat,  whatever  it  may 
be,  requisite  to  raise  steam,  at  constant  pressure  P/,  from  the  temperature  of 
saturation  T,  to  the  observed  temperature  T^. 

Substituting  from  equations  (2)  and  (3)  in  equation  (1),  this  becomes 

If  then  Ml,  Wj,  and  Hj  are  small  enough  to  be  neglected,  since  the  values  of 
-ffi,  Ai,  fig,  Aj,  Tg  are  obtainable  from  Regnault's  tables,  when  P/,  Pa'  or  T/ 
are  observed,  all  the  remaining  quantities  may  be  known  except  S,,  Sj,  and 
K,     And  either,  if  S,  is  not  equal  to  unity,  (T/  —  T,)  =  0,  and 

S,{H,-h,)-^h,  =  S,(H,-k,)-^h, (5), 

or,  if  (l-.fifa)  =  0, 

S,{H,^h,)  +  h,  =  H,-^K{T,'-T,) (6). 

Equation  (5)  gives  Si  in  terms  of  S^  when  T,'  =  T^,  but,  since  S,  is  un- 
known, this  is  of  no  use ;  while,  if  Tg'  is  greater  than  T^,  equation  (6)  gives 
Si  in  terms  of  K  which  is  a  function  of  T,  and  T,',  which  has  not  been 
determined. 

If  it  were  possible  to  determine  the  exact  value  of  T^'  at  which  Sa  —  1  =  0, 
then 

Si  {Hi  —  hi)  +  h^  =  H^. 

But,  here  again,  this  is  practically  impossible,  since  the  only  indication 
that  <Sj  —  1  =  0  is  that  T^  is  greater  than  T^  as  given  by  Regnault's  tables 
for  steam  at  P,',  and,  for  any  such  excess  as  can  be  observed,  the  value  of 
K{T2  -  Ta)  is  considerable,  since,  at  the  point  of  saturation,  K  is  apparently 
infinite,  so  that  neither  of  these  determinations  is  practical. 

With  a  view  to  getting  over  these  diflSculties,  the  course  that  has 
apparently  been  adopted  is  to  obtain  a  condition  such  that  the  temperature 
(Tt)  after  wire-drawing  is  from  10°  to  20°  F.  higher  than  the  saturation 
temperature  (Ta),  ^^^  ^^^^  ^^  assume  that  K  is  equivalent  to  the  specific 
heat  at  constant  pressure  of  steam  gas  as  determined  by  Regnault,  or  that 

JK'=  772x0-48, 

an  assumption  which  constitutes  the  error  in  reduction  to  which  I  have 
referred. 
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The  pQambility  cj/  obtmniuif  an  ac<Mraie  estinuite. 

Thifi  depeods  cm  obtaining  ii  tiurtftiii  condition  in  the  expeTiment,  aad 
rtsiiieing  by  a  tbrraula  proved  by  Kankiiiu  {Trtins,  Moy.  Soc.  J^dinAv^  1^, 
1855). 

Ilankme'ji  formula  m  thiit  the  total  heat  to  conirort  water  from  a  liquid 
stata  at  any  particnlar  teinix  mture,  say  32  ,  to  steam  gas  at  any  temperature 
(7*/),  the  opertttion  hm^ig  completed  under  cumtant  p^^mure,  is  eitpr^sed  by 

Oi  being  a  quantity  dopending  only  on  the  initiiil  state,  and  a  being  the 
BptKrific  heat  at  constant  presanre  of  the  Bt^^am  gaa,  determined  by  llegnauit 
to  be 

0-48. 

Taking  the  initial  wtate  tu  be  at  32°,  llankine  obtiimed,  m  the  roost  pmbable 
value, 

Ci  =  101)1 


It  isi  to  be  noticed,  however,  that  although  thi^  value  0  4-8,  um  obtaiix 
by  Regnault,  has  been  universally  jiccepted,  the  experiments  by  which  he 
obtained  it  were  independent  of  the  mt'thod  by  wliich  he  determined  the 
total  heat  of  evaporation  of  saturated  steam,  and  that,  as  Regnault  observes*, 
the  sniallness  of  the  scale,  as  compared  with  that  by  which  the  total  heats 
were  determined,  rendered  it  necessarily  less  accurate,  as  regards  the  measure- 
ment of  the  total  quantities  of  heat  observed,  although  the  extreme  care  with 
which  the  numerous  experiments  in  the  four  Civses  were  made,  seems  to 
assure  their  relative  accuracy.  The  experiments  consisted  in  determining 
the  total  heat  necessary  to  raise  water  from  32°  F.  or  0°  C.  to  temperatures 
of  about  120°  C.  and  220"*  C.  under  the  pressure  of  the  atmosphere,  then 
taking  the  differences  as  being  the  heat  necessary  to  raise  water  from  120'  C. 
to  220°  C.  It  thus  involves  the  assumption  that  steam  at  20°  C.  (or  36°  F.) 
above  the  boiling  point,  is  in  the  condition  of  steam  gas.  This  is  probably 
very  near  the  truth.  Had,  however,  the  experiments  been  as  absolutely 
accurate  as  those  for  the  total  heat  of  saturated  steam,  they  would  have 
afforded  the  means  of  comparing  the  two  methods  of  Regnault  by  Rankines 
thermodynamical  formulyB.  As  it  is,  such  a  comparison  can  be  made.  Thus, 
substituting  the  total  heats  as  obtained  in  the  experiments  for  specific  heat 
in  Rankines  formula,  the  constant  C\  is  found  to  be  not  1092,  as  given  by 
Rankine,  but  between    10764  and   1053'7,    with    a   mean    of  about   1055. 

*  AUm.  Acad.  Sci.,  Vol.  xxvi.  pp.  170,  909. 
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Taking  this  value,  the  heat  necessary  to  raise  water  from  32°  to  248°  F.  at 
constant  pressure  of  14*7  lbs.  per  square  inch  is 

1055 +  0  48  (216)  =  1158-68. 

To  raise  water  from  32°  to  saturated  steam  at  212°  requires  by  Regnauit  s 
formula  for  total  heat  of  saturated  steam 

1091-7 +-305(180)=  1146-6. 

Hence,  to  raise  saturated  steam  from  212°  to  248°  at  constant  pressure  would 
require  1208  T.U.,  which,  divided  by  the  difference  of  temperature,  gives  for 
the  mean  specific  heat  of  steam  from  saturation  at  212°  to  248°  F.  at  constant 
pressure 

which  shows  that  the  specific  heat,  at  constant  pressure,  of  steam  rises  with 
the  temperature.  And  this,  although  in  accordance  with  the  results  obtained 
by  Regnauit  for  other  vapours,  presents  great  thermodynamical  difficulties ; 
since  many  experiments  have  shown  that  the  steam,  on  being  heated  from 
saturation  to  36°  F.  above,  expands  three  or  four  times  as  much  as  it  would 
if  it  were  gas.  It  is  to  be  noticed  that  an  error  of  3  per  cent,  in  estimating 
the  total  quantity  of  steam,  which  in  these  experiments  would  only  mean  an 
error  of 

00004 

in  the  actual  weighings,  would  account  for  the  differences  in  the  values  of  (7, 
as  determined  by  Rankine,  and  as  estimated  from  Regnault's  experiment  on 
specific  heat,  while  such  an  error  on  the  determination  of  the  specific  heat 
would  fall  within  the  limits  of  experimental  accuracy.  It  thus  seems  probable 
that  Rankine's  determinations  of  the  constants  in  his  formula  are  approxi- 
mately right. 

In  order  to  make  use  of  this  formula  in  the  reduction  of  the  experiments 
under  consideration,  all  that  is  necessary  is  to  bring  about,  by  means  of  wire- 
drawing, the  condition  that  T^'  shall  be  sufficiently  larger  than  T.2  to  insure 
that  the  final  condition  approximates  to  that  of  steam  gas.  That  this  difier- 
ence  must  be  more  than  20°  F.  has  been  shown,  but  it  would  appear  that 
with  this  difference  the  error  is  not  great. 

To  use  the  formula, 

{1092  +  0-48  (r/-r,)}  772 
is  substituted  for  the  right  member  of  equation  (6). 

J9^,  ^,   ^  being  small,  therefore 

fif,(jy,-A,)  +  Ai  =  772[1092  +  0-48(r/-r,°)l  (7). 

which  only  requires  the  experimental  determination  of  Ti  and  2^'  to  give  the 
value  of  Si,  provided  that  the  final  condition  is  that  of  steam  gas. 
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The  meaim  of  (mmirimj  the  condition  nf  Steam  Gfis. 


I 


Pt^rhaps  the  tncixt  imporbint  fact  to  which  attention  L^  herein  directeJ  is 
tluil,  although,  as  already  stattHJ,  the  litnitiug  relations  of  temperature  and 
pressure  of  8team  gas  are  not  known  with  any  degree  of  precision,  the  wire* 
drawing  experituenta  are  capable  of  afibrding  simple  and  direct  ev^denc*  of 
the  exij^tence  of  such  a  Hual  state.  A^  the  pressure  of  steam  is  reduced  by 
wire-drawing,  which  ie  gradually  increased,  at  first,  owing  to  the  gre&t 
expansion,  the  temperature  fallw  conxsiderably,  but,  as  the  wire*drawing  in- 
creases, by  the  diminution  of  pressure  in  the  receiving  vessel  the  fell  of 
temperature  gratiually  diminishes,  until  the  gaseous  state  is  produced,  when 
the  temperature  7/  will  be  unaffected  by  still  greater  wire-drnwing. 

So  tbat  to  insure  a  gaseous  state,  all  that  is  necessary  is  to  gradually 
dimini.%h  the  pressure  in  the  receiving  vej^sel,  maintaining  that  in  the  first 
vessel,  until  the  teni|:mraturo  ?V  in  the  receiviug  vessel  becomes  constant 

The  only  doubt  is  whether  this  point  can  be  practically  reached,  and  thk 

can  only  be  detennined  by  experimenta  ^ 

The  remarkable  circumstance  in  the  flow  of  gases,  of  which  I  published 
the  explanation  in  a  paper  rea*!  before  this  Society  in  1885,  tbat  when  steam 
or  gas  flows  through  a  restricted  channel  from  one  vessel  into  another,  m 
which  the  pressure  i^  less  than  half  that  of  the  fii-st,  the  quantity  which  passes 
is  independent  f>f  thr  j^ressure  on  the  receiving  side,  must  have  an  importjuit 
place  in  simplifying  the  apparatus  required  for  such  experiment. 

Thus,  with  boiler  pressure  on  one  side  of  an  orifice,  opening  into  a  ve^ssel 
from  which  its  escape  is  allowed  by  an  adjustable  valve,  the  whole  experiment 
can  be  regulated  by  this  valve,  the  quantity  flowing  through  remaining  con- 
stant for  all  pressures  after  the  half  is  reached. 

The  only  precautions  necessary  for  accuracy,  are  those  to  secure  approxi- 
mately small  velocities  at  the  points  where  the  temperature  is  measured,  and 
those  to  render  small  the  loss  of  temperature  in  the  steam  by  radiation. 
And,  although  these  must  complicate  the  appliances,  they  appear  to  be 
practical.  I  may  also  notice  that,  should  such  experiments  be  accomplished, 
they  will  afford  the  means  of  verifying  or  correcting  Rankine's  value  for  C,, 
which  he  has  only  given  as  a  probable  approximate  value. 

I  hope  these  experiments  may  shortly  be  made,  as  Mr  J.  H.  Grindley, 
B.  Sc,  Fellow  of  Victoria  University,  has  undertaken  the  research  in  the 
Whitworth  Engineering  Laboratory,  Owens  College. 
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BAKERIAN    LECTURE.— ON    THE    MECHANICAL    EQUIVALENT 

OF  HEAT. 

[From  the  "Philosophical  Transactions  of  the  Royal  Society  of  London,"  1897.] 

{Bead  May  20,  1897.) 

PART   I. 

By  Professor  Osborne  Reynolds,  F.R.S.,  and  W.  H.  Moorby,  M.Sc.,  late 
Fellow  of  Victoria  University  and  1851  Exhibition  Scholar. 

On  the  Method,  Appliances  and  Limits  of  Error  in  the  direct 
Determination  of  the  Work  expended  in  raising  the  Tem- 
perature OF  Ice-cold  Water  to  that  of  Water  boiling  under 
A  pressure  of  29*899  inches  of  Ice-cold  Mercury  in  Manchester. 
— By  Osborne  Reynolds. 

The  Standard  of  Temperature  for  the  Mechanical  Equivalent. 

1.  The  determination  by  Joule,  in  1849,  of  the  expenditure  of  mechanical 
effect  (772*69  lbs.  falling  1  foot)  necessary  to  raise  the  temperature  of  1  lb. 
of  water,  weighed  in  vacuo,  V  Fahr.  between  the  temperatures  of  50°  and 
60°  Fahr.  (at  Manchester),  together  with  the  second,  in  1878,  772*65  ft.-lbs., 
to  raise  the  temperature  of  1  lb.  (weighed  in  vacuo)  from  60°  to  61°  Fahr., 
at  the  latitude  of  Greenwich,  established  once  for  all  the  existence  of  a 
physically  constant  ratio  between  the  work  expended  in  producing  heat 
and  the  heat  produced;  while  the  extreme  simplicity  of  his  methods,  his 
marvellous  skill  as  an  experimenter,  and  the  complete  system  of  checks  he 
adopted,  have  led  to  the  universal  acceptance  of  the  numbers  he  obtained 
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as  lieiBg  witliin  the  Hraiti*  ho  himself  assigned  (I  foot),  of  the  true  mtio  of 
work  eipeEded  in  hiiis  expciimoots  in  producitig  heat  and  the  heat  produced 
a»  niea^iUTod  on  the  scale  of  the  thermometer  on  which  he  spent  bo  much 
time  and  care.  ^k 

The  acceptiuicu  of /  =  772,  aw  the  niechanical  equivalent  of  heat,  amountis 
to  the  aco€!ptaiit*t^  of  the  scale  between  50  and  60  on  Joule's  thermometer  b 

as  the  sLandiutl  of  tern jwrat are  over  this  range, 

Juiite's  thermometers  are  now  in  the  custody  of  the  Manchester  Literaiy 
and  FhiUwophical  Society  (having  been  confid^.-d  to  its  care  by  Mr  A.  Joule); 
st^  i.luii  this  material  standard  is  available.  But  the  standard  of  temperature 
actually  e?ttablished  by  Joule  is  universally  available  wherever  the  British 
standani  of  length  is  available^  together  with  pure  water  and  the  necessary 
means  and  nkill  of  exiiending  a  definite  quantity  of  work  in  mbing  the 
tom|Knit.iiix*  of  writer  between  50'  and  60'  Fahr.,  since  in  this  way  the  s>cak. 
on  any  thernuimeter  may  be  compared  with  that  on  Joules,  ■ 

The  diflliculty  of  access  to  Joule's  thermometer,  and  the  inhereut  difficulty 
of  making  an  accurate  determination  of  the  equivalent,  have  limited  the 
nuuiber  of  such  comparisons,  jfl 

The  most  eenous  attempts  have  been  made  with  the  very  desirable  objec^t" 
of  determining  the  mechanical  equivalent  of  a  thermal  unit,  nieastired  m 
the  scale  of  pressures  of  gas  at  constant  volumes,  finst  recognised  by  Joule 
as  the  nearest  approximation  to  absolute  temperature. 

The  results  of  these  comparisons  have  been  various,  all  having  apparently 
shown  that  Joule's  standard  degree  of  temperature  is  less  than  the  one- 
hundred-and-eightieth  part  between  freezing  and  boiling  points  on  the  scale 
of  pressure  of  gas  at  constant  volume,  the  differences  being  from  01  to  10 
per  cent.  Joule  himself  contemplated  comparing  his  thermometer  with  the 
scale  of  air  pressures,  but  did  not  do  so.  So  that  only  indirect  comparisons 
have  been  possible. 

Hirn,  who  was  the  first  to  follow  Joule,  in  one  of  his  researches  introduced 
a  method  of  measuring  the  work  done  which  afforded  much  greater  facility 
for  applying  the  work  to  the  water  than  the  falling  weights  used  by  Joule 
in  his  first  detei'mination,  and  this  was  adopted  by  Joule  in  his  second 
determination.  But  notwithstanding  the  greater  facilities  enjoyed  by  sub- 
sequent observers,  owing  to  the  progress  of  physical  appliances,  the  inherent 
difficulties  remained.  The  losses  from  radiation  and  conduction  could  only 
be  minimised  by  restricting  the  range  of  temperature,  and  this  insured 
thermometric  difficulties,  particularly  with  the  air  thermometer,  which,  it 
seems,  does  not  admit  of  very  close  reading.  This,  together  with  certain 
criticisms,  of  which  some  of  the  methods  employed  admit,  appear  to  have 
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left  it  still  aD  open  question  what  exact  rise  in  the  temperature  in  the  scale 
of  air  pressures  corresponds  to  the  772  ft. -lbs. 

2.  The  research,  to  the  method  and  appliances  for  which  this  paper 
relates,  has  been  the  result  of  the  occurrence  of  circumstances  which  offered 
an  opportunity,  such  as  might  not  again  occur,  of  obtaining  the  measure,  in 
mechanical  units,  of  the  heat  in  water  between  the  two  physically  fixed 
points  of  temperature  to  which  all  thermometrical  measurements  are  referred, 
and  of  thus  placing  the  heat  as  defined  in  mechanical  units,  on  the  same 
footing  as  the  unit  of  heat  as  defined  by  temperature,  without  the  inter- 
vention of  scales,  the  intervals  of  which  depend  on  the  relative  expansions 
of  diflFerent  materials  such  as  mercury  and  glass. 

It  has  been,  so  far  as  I  am  concerned,  undertaken  with  considerable 
hesitation,  on  account  of  the  responsibility  even  in  attempting  such  a  deter- 
mination, and  the  harm  to  science  that  might  follow  from  further  confusion 
owing  to  error  in  what,  in  spite  of  opportunities,  must  be  the  extremely 
difficult  task  of  making  such  complex  determinations  within  less  than  the 
thousandth  part.  These  considerations,  together  with  my  inability  to  find 
the  large  amount  of  time  necessary  for  making  the  observations,  prevented 
an  J'  attempt  until  July,  1894.  At  that  time  Mr  W.  H.  Moorby  offered  to 
devote  his  time  to  the  research,  and  so  relieve  me  of  all  responsibility  except 
that  which  attached  to  the  method  and  the  appliances;  and  having,  from 
experience,  the  highest  opinion  of  Mr  Moorby 's  qualifications  for  carrying 
out  the  very  arduous  research,  there  seemed  to  be  no  further  excuse  for 
delay,  particularly  as  after  seeing  the  appliances  in  the  laboratory  both  Lord 
Kelvin  and  Dr  Schuster  expressed  strongly  their  opinion  as  to  the  value  of 
the  research. 

The  Opportunity  for  the  Research. 

3.  This  consisted  in  the  inclusion  in  the  original  equipment  of  the 
laboratory,  in  1888,  of  the  following  appliances  : — 

(1)  A  set  of  special  vertical  triple-expansion  steam-engines,  with  separate 
boiler,  closed  stoke-hole,  and  forced  blast;  these  engines  being  specially 
arranged  to  give  ready  access  to  the  shafts,  3  feet  above  the  floor,  and  being 
capable  of  running  at  any  speeds  up  to  400  revolutions  per  minute,  and 
working  up  to  100  H.-p.  (Plate  1). 

(2)  Three  special  hydraulic  brake  dynamometers,  on  separate  shafts, 
between  and  in  line  with  the  engine  shafts,  with  faced  couplings,  so  that 
one  brake  shaft  could  be  coupled  with  the  shaft  of  each  engine  to  work  its 
own  shaft;  or  the  brakes  on  the  high-pressure  and  intermediate  engines 
could  be  removed,  and  their  shafts  coupled  by  means  of  intermediate  shafts, 
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BO  that  all  three  engines  worked  on  the  brake  connected  with  the  low- 
presftnre  engine.  These  brakes,  which  are  shown  (Plate  1),  are  separat^h 
ea)wihle  of  absorbing  any  powLT  up  to  a  maximum  of  30  horse*pckwer  at 
1(K*  revolutions,  and  inereaHi ng  as  the  cube  of  the  speed  ;  so  that  a  single 
bntk**  IE*  capable  of  absorbing  the  whole  power  of  bhe  engine  at  any  speed 
aboVi?  100  revolutions  a  minute. 

The  whole  of  the  work  is  absorbed  by  the  agitation  of  the  water  contained 
in  the  brake»  while  the  heat  so  generated  is  discharged  by  a  stream  of  water 
through  the  brake,  with  no  other  functions  than  of  afford ing  the  means  of 
regulating,  iudejHrudently,  the  t^^mperature  of  the  brake  and  the  quantity' 
of  water  in  the  brake.  The  moment  of  resistance  of  the  brake  at  any  speed 
is  a  definite  function  of  the  ipiantity  (*f  water  in  the  brake.  And  as,  except 
for  thifl  moment,  the  unhiaded  brake  is  balanced  ou  the  shaft,  the  load  being 
8ii!i])ended  from  a  lover  on  the  brake  at  4  feet  from  the  axis  of  the  shaft,  if 
the  moment  of  res^istance  of  the  brake  exceeds  the  moment  of  the  hxid,  the 
lever  rises,  and  mce  ver.^^d.  By  making  the  lever  actuate  the  valve  which 
regulates  the  discharge  from  the  brake,  and  thus  regulate  the  eMuent 
stream,  the  quantity  of  water  in  the  brake  is  continually  regulated  t^  ''MH 
which  is  just  sufficient  to  suspend  the  load  with  the  lever  horizontal,  and  n 
constant  moment  of  resistance  is  maintained  whatever  may  be  the  speed  of 
the  engines.  flj 

(S)  Manchester  town's  water,  of  a  purity  expre^ed  by  not  more  than 
3  grams  of  salts  in  a  gallon ,  brought  into  th'.-  lahoratory  in  a  4-inch  main 
at  town's  pressure  (oO  to  100  feet  head),  and  distributed  either  direct  from 
the  main  or  at  constant  pressure  from  a  service  tank  10  feet  above  the  fJoor 
of  the  laboratory. 

(4)  Two  tanks,  each  capable  of  holding  60  tons  of  water,  one  in  the 
tower,  116  feet  above  the  floor,  the  other  15  feet  below  the  floor,  connected 
by  4-inch  rising  and  falling  mains,  each  500  feet  long,  passing  in  a  chase 
under  the  floor.  The  rising  main  is  in  communication  with  a  special 
quadruple  centrifugal  pump,  2  feet  above  the  floor,  capable  of  raising  a 
ton  a  minute  from  the  lower  to  the  upper  tank.  (Shown  in  Plate  5.)  Also 
a  set  of  mercury  balances,  showing  continually  the  levels  of  water  in  the 
two  tanks,  and  the  pressures  in  the  rising,  falling,  and  town's  mains.  (Shown 
in  Plate  2.) 

(5)  A  special  quadruple  vortex  turbine,  supplied  from  the  falling  main 
and  discharging  into  the  lower  tank,  capable  of  exerting  1  H.-P.,  and  available 
for  steady  speeds  at  all  parts  of  the  laboratory.     (Shown  in  Plate  5.) 

(6)  A  supply  of  power  to  the  laboratory  by  an  engine  and  boiler,  quite 
distinct  from  the  experimental  engine,  and  distributed  by  convenient  shafting 
which  is  always  running.     (Shown  in  Plate  1.) 
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The  Measurement  of  the  Work. 

4.  Of  the  appliances  mentioned,  the  brake  on  the  low-pressure  engine 
is  the  centre  of  interest,  as  it  was  by  this  that  the  work  was  measured,  as 
well  as  converted  into  heat. 

The  existence  of  the  appliances  was  largely  due  to  the  interest  in  educa- 
tional work  taken  by  Mr  William  Mather,  who,  together  with  the  other 
members  of  the  firm  of  Mather  and  Piatt,  not  only  placed  at  my  disposal 
the  facilities  of  their  works,  but,  inspired  the  enthusiasm  which  alone 
rendered  the  execution  of  such  novel  and  special  work  possible. 

The  development  of  the  brake  dynamometer,  from  its  introduction  by 
Prony,  has  an  interesting  and  important  history,  but  into  this  it  is  not 
necessary  to  enter.  The  purpose  of  these  dynamometers  is  to  afford  con- 
tinuous frictional  resistance,  adapted  to  the  power  exerted  by  the  prime 
mover  in  causing  a  shaft  to  revolve,  and  of  a  kind  that  is  definitely  measure- 
able.  To  fulfil  the  first  of  these  conditions,  the  mean  moment  of  resistance 
of  the  brake  must  just  balance  the  mean  moment  of  effort  of  the  engine, 
and  the  means  of  escape  of  heat  from  the  brake  must  be  sufficient  to  allow 
all  the  heat  generated  to  depart,  without  accumulating  to  an  extent  which 
may  interfere  with  the  action  of  the  appliances.  In  the  first  brakes  the 
resistance  was  obtained  by  the  friction  of  blocks  or  straps  pressed  against 
a  cylindrical  wheel  on  the  shaft,  and,  small  powers  being  used,  radiation 
and  air-currents  round  the  brake  were  found  sufficient  to  carry  off  the  heat, 
but,  when  larger  powers  were  used,  these  sources  of  escape  failed  to  keep 
the  temperatures  down  to  practical  limits,  which  necessitated  the  application 
of  currents  of  water  to  carry  off  the  heat. 

The  measurement  of  the  work  was  invariably  accomplished  by  attaching 
the  brake  blocks,  or  straps,  to  a  lever,  or  arm,  so  that  the  whole  brake  would 
be  free  to  revolve  with  the  brake-wheel,  except  for  the  moment  of  the  weight 
of  the  parts  which,  adjusted  to  the  power  of  the  engine,  was  kept  in  balance 
by  the  adjustment  of  the  pressure  of  the  blocks  on  the  wheel.  Then,  since 
the  work  done  is  equal  to  the  product  of  the  mean  moment  of  resistance, 
over  the  angle  turned  through,  multiplied  by  the  angle,  if  the  resistance  is 
constant  over  time,  the  moment  of  the  brake,  multiplied  by  the  whole  angle, 
measured  the  work  done. 

It  is  however  to  be  noticed  that  the  assumption,  that  the  time-mean  of 
the  moment  on  the  brake  is  the  same  as  would  be  the  angle-mean  of  this 
moment,  might  involve  an  error  of  any  extent,  provided  the  resistance  and 
the  angular  velocity  varied  in  conjunction.  And  as  steam  engines  invariably 
exert  an  eflFort,  var)ring  within  the  period  of  the  revolution,  while  the  friction 
and  the  pressure  causing  it  are  apt  to  respond  to  any  variations  of  speed,  it 
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is  probable   that  there   haa  been    »umc  error  from  this   cause    in   all  such 
measurements,  although  not  previously  noticeii, 

Hirn  appe^irs  to  have  been  the  fir*it  to  recognise  that  in  a  steady  conditioo 
the  resistance  of  fluid  between  the  bniko-wheel  and  the  brake  would  aoswer 
instead  of  the  solid  friction,  so  that  the  mean  time  moment  of  effort  exerted 
in  turning  a  paddle  in  a  cusi^,  containing  water,  with  bafflers,  would  be 
strictly  measured  by  the  mean  time  mameot  of  the  c-ase.  And  although 
subject  to  the  same  error  from  periodic  motion  as  the  friction  brake,  the 
facility  this  fluid  brake  offered  for  cooling  and  regulating  led  to  its  simul- 
taneous afloption  and  development  by  several  inventors,  for  measuring  power 
— the  late  William  Fronde*  for  the  purpose  of  measuring  the  work  of  lai^e 
engines,  inventing  that  aiTangement  uf  paddle  vanes  and  bafflers  which  gives 
the  highest  resistance,  regulating  the  resistance  by  thin  sluiees  between 
the  vaneJi  and  bafflenii,  and  always  working  with  the  case  full  of  water. 

The  brake  under  consideration  diffet*s  from  that  of  Mr  Froude  in  only fl 
one  fundamental  particular— the  provision  by  which  a  constant  preissure  in 
the  interior  of  the  brake  is  secured  by  the  admission  of  the  atmosphei^  to 
that  part  of  the  brake  where  the  dynamical  effect  of  the  water  is  to  cause  tlnfl 
lowest  pressure — this  admits  of  working  the  brakes  with  any  quantity  of 
water  from  nothing  to  full,  and  thus  allows  of  the  regulation  of  the  re- 
sistance, by  regulating  the  quantity  of  water  in  the  brakes,  without  sluices. 

The  de^ription  of  this  brake  has  alrejidy  been  published,  together  with 
that  of  the  engines*,  but  it  will  be  convenient  to  give  a  short  description. 

This  brake  consists  primarily  of  (1)  a  brake  wheel,  18  inches  in  diameter, 
fixed  on  the  4-inch  brake  shaft  by  set  pins,  so  that  it  revolves  with  the  shaft 
(Figs.  2  and  3),  and  (2)  a  brake  (or  brake  case)  which  encloses  the  wheel,  the 
shaft  passing  through  bushed  openings  in  the  case  which  it  fits  closely,  so  as 
to  prevent  undue  leakage  of  water  while  leaving  shaft  and  brake-wheel  free 
to  turn  in  the  case,  except  for  the  slight  friction  of  the  shaft  (Figs.  1,  2 
and  3). 

The  outline  of  the  axial  section  of  the  brake-wheel  is  that  of  a  right 
cylinder,  4  inches  thick.  The  cylinder  is  hollow — in  fact,  made  of  two  discs 
which  fit  together,  forming  an  internal  boss  for  attachment  to  the  shaft,  and 
also  meet  together  at  the  periphery,  forming  a  closed  annular  box,  except  for 
apertures  to  be  further  described  (Fig.  3).  In  each  of  the  outer  disc  faces  of 
the  wheel  are  24  pockets,  carefully  formed,  4^  inches  radial,  and  1^  inches 
deep  measured  axially,  but  so  inclined  that  the  narrow  partitions  or  vanes 
(I  inch)  are  nearly  semicircular  discs  inclined  at  45°  to  the  axis ;  the  vane 
on  one  face  being  perpendicular  to  the  vane  on  the  opposite  face  (Fig.  2). 

*  *' Triple  Expansion  Engines,"  by  Professor  Osborne  Reynolds,  Minutes  of  Proceeding$^  Imt. 
C,  JB.,  vol.  99,  1889,  p.  18.     (See  Paper  66,  page  336.) 
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The  internal  disc  faces  of  the  brake  case,  as  far  as  the  pockets  are  con- 
cerned, are  the  exact  counterparts  of  the  disc  faces  of  the  wheel,  except  that 
there  are  25  pockets,  so  that  the  partitions  in  the  case  are  in  the  same  planes 
as  the  partitions  meeting  them  in  the  wheel,  there  being  ^^  inch  clearance 
between  the  two  faces. 


Fig.  1. 

The  pairs  of  opposite  pockets,  when  they  come  together,  form  nearly 
closed  chambers,  with  their  sections,  parallel  to  the  vanes,  circular.  In  such 
spaces  vortices  in  a  plane  inclined  at  45""  to  the  axis  of  the  shaft  may  exist,  in 
which  case  the  centrifugal  pressure  on  the  outside  of  each  vortex  will  urge 
the  case  and  the  wheel  in  opposite  directions  inclined  at  45 "*  to  the  direction 
of  motion  of  the  wheel,  which  will  give  a  tangential  stress  over  the  disc 
{aces  of  the  wheel  of  l/^/2  of  the  sum  of  these  vortex  pressures.  The 
existence  and  maintenance  of  these  vortices  is  insured  by  the  radial 
centrifugal  force  of  the  water  in  the  pockets  in  the  wheels  owing  to  its 
motion. 

This  is  the  late  Mr  W.  Froude's  arrangement.    But  an  essential  feature 


Fig.  2. 


The  vortex  pressure  is  greatest  at  the  outsides  of  the  vortices,  which 
occui-s  all  over  the  annular  surfaces  of  the  pockets,  but  the  actual  pressure 
on  these  surfaces  is  not  determined  solely  by  the  vortex  motion  unless  the 
state  of  pressure  at  the  centre  of  the  vortices  is  fixed,  for  the  vortex  motion 
only  determines  the  difference  between  these  pressures.  To  insure  the 
constant  pressure,  and  at  tlie  same  time  to  allow  of  the  pockets  being 
only  partially  full — that  is,  to  allow  of  hollow  vortices  with  air  cores  at 
atmospheric  pressure,  it  is  necessary  that  there  should  be  free  access  of 
air  to  the  centres  of  the  vortices,  and  as  this  access  cannot  be  obtained 
through  the  water,  which  completely  surrounds  these  centres,  it  is  obtained 
by  passages  (^  inch  diameter)  within  the  metal  of  the  guides,  which  lead  to  a 
common  passage  opening  to  the  air  on  the  top  of  the  case  (Figs.  2  and  3). 

To  supply  the  brake  with  water  there  are  similar  passages  in  the  vanes  of 
the  wheel  leading  from  the  box  cavity,  which  again  receives  water  through 
ports  which  open  opposite  an  annular  recess  in  one  of  the  disc  faces  of  the 
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case  into  which  the  supply  of  water  is  led,  by  means  of  a  flexible  indiarubber 
pipe,  from  the  supply  regulating  valve. 


Fig.  3. 


Fig.  4. 


The  water  on  which  work  has  been  done  leaves  the  vortex  pockets  by  the 
clearance  between  the  disc  surfaces  of  the  wheel  and  case,  and  enters  the 
annular  chamber  between  the  outer  periphery  of  the  wheel  and  the  cylindrical 
portion  of  the  case,  which  is  always  full  of  water  when  the  wheel  is  running, 
whence  its  escape  is  controlled  by  a  valve  in  the  bottom  of  the  case,  from 
which  it  passes  to  waste. 

By  means  of  linkage  connected  with  a  fixed  support  and  the  brake  case, 
an  automatic  adjustment  of  the  inlet  and  outlet  valves,  according  to  the 
position  of  the  lever,  is  secured  without  affecting  the  mean  moment  on 
the  brake  case.  And  this  also  affords  means  of  adjusting  the  position  of 
the  lever.  To  admit  of  adjustment  for  wear,  the  shaft  is  coned  over  that 
portion  which  passes  through  the  bushes,  the  bushes  being  similarly  coned, 
and  screwed  into  short  sleeves  on  the  casing,  so  that  by  unscrewing  them  the 
wear  can  be  followed  up  and  leakage  prevented. 

The  brake  levers  for  carrying  the  load  and  balance  weight,  are  such  as  to 
allow  the  load  to  be  suspended  from  a  groove  pamllel  to  the  shaft,  at  4  feet 
from  the  shaft,  by  a  carrier  with  a  knife  edge,  the  carrier  and  the  weights 
each  being  adjusted  to  25  lbs.  (shown  figs.  1  and  4).  In  addition  to  this 
load,  a  weight  is  suspended  from  a  knife  edge  on  the  lever  nearer  the  shaft, 
this  weight  being  the  piston  of  a  dash-pot  in  which  it  hangs  freely,  except 
o.  B.   n.  39 
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for  tht^  visciiuj*  resistance  of  the  oil*  This  weight  Wiug  ^justed  to  cscrti 
tnoniont  of  100  ft -lbs.,  and  again  a  travelling  weight  of  #8  Iba,  is  camud  od 
ihu  lisver  and  workt?d  by  a  screw  with  \  inch  jxtch.  so  that  one  tiirn  cbsogii 
tb«  tnomeot  by  2  ft.-Ibg.,  while  a  scale  on  the  lever  showa  the  positifm 
A  shorter  lever  on  the  ojiposite  side  i*f  the  c^ise  cairies  a  weight  of  74'6  lhs„ 
which  is  adjusted  io  balance  the  lever  and  sliding  weight  when  the  loftdis 
retnoviid. 

The  Accuracif  of  the  Brake. 

5,  The  principle  of  the«e  hydraulic  dytianionieters  h  that  when  immHiit 
of  inomentuni  is  introdnced  into  a  fixed  space  without  alkTitig  the  niomvut 
of  momentum  within  that  space,  the  rate  at  which  moment  of  momentum 
leaves  the  wpace  must  equal  the  rate  at  which  it  enters.  The  brake-wheel 
imparts  moment  of  momentum  to  the  water  within  the  ca«e,  and  the  frictioa 
(if  the  shaft  imparts  moment  of  mumentnm  to  the  caae.  The  water  in  the 
ccLHC,  when  its  moment  of  momentum  is  steady,  im|>arts  moment  of  momeDtum 
to  the  ease  as  fast  as  it  receives  it,  and  the  time  mean  of  the  momeut  of  tb»^ 
load  is  etjual  to  the  time  mean  of  the  moment  of  the  eflbrt  of  the  ehail. 

This  is  not  affected  by  water  entering  and  leaving  the  case  &t  equal  nit^ 
provided  it  entera  and  leaves  radially. 

The  condition  of  steadiness  is,  however,  ^sential,  in  order  that  the 
moment  of  effort  shall  be  at  each  instant  equal  to  the  moment  of  resistance 
on  the  case ;  any  change  in  the  moment  of  momentum  of  the  water  in  the 
case  being  the  result  of  the  difference  of  the  moment  of  effort  on  the  shaft 
and  that  of  resistance  on  the  case. 

Tfce  Time-Mean  of  the  Moment  of  Effort. 

6.  When,  however,  the  shaft  is  run  over  an  interval  of  time,  the  mean 
moment  of  resistance  on  the  case,  less  the  difference  of  the  moments  of 
momentum  of  the  water,  at  the  end  and  beginning  of  the  interval,  divided 
by  the  time,  is  the  time-mean  moment  of  effort  on  the  shaft. 

The  possible  limit  of  this  error  may  be  estimated  when  the  maximum 
moment  of  momentum  of  the  water  is  known  as  well  as  the  minimum 
moment  of  resistance,  and  the  minimum  interval  of  time. 

Thus  taking  the  limits  to  be  30  lbs.  of  water,  with  radius  of  gyration 
()*66  foot,  at  300  revolutions  a  minute  (<  14),  the  interval  of  running  3600 
seconds,  the  moment  of  the  load  400  ft.-lbs.,  the  limit  of  the  time-mean  of 
change  of  moment  of  momentum  of  the  water  is  14/3600,  and  tliis  divided 
by   the  mean   moment  of  resistance  gives  as  the  limits  of  relative  error, 
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± 000001.  This  is  supposing  the  whole  of  the  water  to  be  absent  at  the 
beginning  or  end  of  the  trial,  while  the  actual  difference  never  amounts  to 
more  than  2  or  3  lbs.,  so  that  the  limits  do  not  exceed  0000001,  which  is 
neglected. 

The  Angle-Mean  of  the  Moment  of  Effort  on  the  Shaft. 

7.  As  already  pointed  out  in  Art.  4,  when  both  the  angular  velocity  of, 
and  the  moment  of  effort  on,  the  shaft  are  subject  to  fluctuations  of  speed, 
the  time-mean  of  the  moment  of  effort  may  differ  from  the  angle-mean.  This 
applies  to  all  brakes,  but  in  hydraulic  brakes,  in  which  the  resistance  is 
proportional  to  the  square  of  the  speed,  although  lagging  by  an  unknown 
interval,  it  becomes  possible  to  estimate  the  possible  limits  of  this  error 
when  the  limits  of  fluctuation  of  speed  are  known. 

Taking  co  the  angular  velocity  of  the  shaft  and  o)©  the  time-mean  of  the 
angular  velocity,  2a*ft)o  the  extreme  differences  of  speed,  and  assuming  the 
variation  to  be  harmonic, 

a)  =  a)o{l  +  a'cos7?  {t-T^)]  (1), 

0,2=  cwo' |l  + 1*  +  2tt^  cos n{t-  2\)  +  ^a* cos  2n (t -  T)\ (2). 

Then  to  a  second  approximation,  neglecting  o',  if  T2  is  the  interval  of 
lagging  in  the  resistance,  and  M  the  moment  of  resistance  at  the  time  ty 

if  =i/o  {1  +  2a«cos  n  {t  -  2\  -  1\)  -f  ^a*cos  2w  {t^T,-  T,)j  ...(3), 

where  Mo  is  the  time-mean  of  the  moment  of  resistance.  Also  the  rate  at 
which  work  is  done  with  uniform  velocity,  is  J/a)o>  of  which  the  mean  is 
MqWq,  and  is  the  rate  of  work  as  measured  by  the  mean  moment  on  the  case, 
multiplied  by  the  mean-angular  velocity. 

To  a  second  approximation  the  rate  of  work  with  varying  speed  is 

Ma)  =  ifoWo  (1  +  2a«  cos  n  {t-T,-  1\)  -f  ^a'  cos  2n  {t-T,-  T^)} 

[l^a,cosn{t-T,)} (4), 

and  from  this  it  appears  that  the  mean  rate  of  work  is 

(t)oMo{l  •\-  a* cos nTaX 

which  shows  that  the  relative  error  in  taking  this  as  MqCOo  is  +  a*  cos  nTa- 
Thus  the  error  arising  from  fluctuations  in  speed  of  2a'ft)  is  within  the  limits 
±  a\  when  the  resistance  varies  as  the  square  of  the  speed,  as  in  the  hydraulic 
brakes. 

Where,  as  in  the  brake  under  consideration,  there  is  an  automatic  adjust- 
ment, by  which  the  quantity  of  water  in  the  brakes  is  adjusted  to  the  speed, 

39—2 
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SO  Bs  to  rnMintatn  the  rtiHifltancc  c<mf=*fcant,  there  will  be  no  error 
»uvh  gnidual  vanatiijua  of  speed  as  result  from  ehangei?  in  the  boiler] 
since  the  atitomatic  afijustment  can  keep  paee  with  thotii.  But  it  t?ike»1 
for  the  water  to  get  in  and  out,  and  any  variations,  so  rapid  that,  owing  t© 
the  inertia  of  the  brake  CJise  with  its  lorn],  their  effect  has  been  revei^ 
bcft^re  the  casQ  has  moved  suflSciently  to  aHeat  the  water  in  the  brake,  wiil 
jm wince  errors. 

Such  cyclic  variations  of  speeti  attend  all  motions  derived  from  recipro- 
cating engines,  and  it  is  only  thesse,  and  not  the  secular  variations,  that 
pniduce  errors. 


Tfw  Varuttiom  in  the  Speed  of  Rotation  of  the  Steam- En^ne, 


I 


8»    The  cyclic  variations  all  go  through  one  or  two  complete  periods  in 

the  time  of  revolution  of  the  engine,  aud  are  approximately  simple  harmonic 
functions  of  the  time. 

They  arise  from  three  distinct  causes  :— 

(1)  The  varying  energy  of  motion  of  the  reciprocating  parts ; 

(2)  The  varying  moment  of  the  effort  of  the  steam  pressures  on  the 
cranks ; 

(3)  The  effect  of  gravitation  on  the  unbalanced  parts  in  the  engine. 

In  the  case  of  a  simple  vertical  engine,  unbalanced  and  working  with 
moderate  expansion,  these  variations  of  speed  may  be  severally  estimated 
when  /,  the  moment  of  inertia  of  the  revolving  parts,  r  the  half-stroke  of  the 
reciprocating  parts,  and  W  the  weight  of  these  parts  are  know^n,  together 
with  iV  the  number  of  revolutions  per  minute,  and  U  the  work  done  per 
stroke. 

For,  considering  the  variations  as  existing  separately,  we  may  assume 
that  the  angular  motion  would  be  steady  but  for  the  particular  effect,  thus : 

(1)  The  moment  of  effort  on  the  crank  being  constant,  and  the  resistance 
constant,  and  equal  to  the  effort,  the  energy  of  motion  of  all  the  partes  i.s 
constant. 

Putting  0)  =  27ri\r/60,  and  i^r^W/g, 

^/g)»  +  i  iV  sin«  n^  =  (7, 

where  C  is  constant,  t  is  the  time  since  the  axis  of  the  crank-pin  has  crossed 
the  axis  of  the  cylinder  and  n  is  cwo,  the  mean  value  of  co  or  27riV'/6(). 
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Whence  neglecting  %  as  comi>ared  with  /,  the  extreme  variation  of  a>  is 
approximately 

whence 

(2)  In  the  same  way,  considering  the  effect  of  the  crank  effort  alone, 
with  a  moderate  expansion,  the  energy  that  has  to  be  absorbed  and  given  out 
by  the  revolving  parts  is  about  one-fourth  part  of  the  work  per  stroke,  and 

i/a)«  -  J  Ucos  2n  (t-T)  =  0, 

TT 

where  nT,  say  ^  is  the  angle  of  the  crank  at  which  co"  is  a  minimum. 
o 

The  extreme  fluctuations  in  velocity  are 

0)  =  0)0  |l  +  ^j— ,  cos  2  (nt  -  ^7r)[ . 

(3)  The  effect  of  the  weight  of  the  reciprocating  parts  acting  alone, 
causes  a  fluctuation  on  the  revolving  parts  of  2r  TT ;  thus  approximately 

i7ft>« -rTT cos  n«  =  C, 

and 

Wr 


i  =  ft)o(l  +  j—^cosntU 


giving  an  extreme  fluctuation  on  the  angular  velocity  of 

Wr 
/oio" 


2a,»a)o  =  2y7-,a)o- 


The  equation  of  velocity  is  thus  approximately  expressed  by 
ft)  =  0)0  M  +  J  y  cos  2nt  +  o  r"  -j  ^^^  ^  (^^  "■  i*"")  +  /""» ^^^  ^^    • 

In  the  low-pressure  engine  used  in  these  experiments,  the  values  of  the 
several  quantities  are,  the  units  being  linear  feet,  lb.,  seconds, 

7=126,    1  =  2-47,    r  =  0-625,     Tr=200,    rTr=126,     t;'=1660, 

^* -0-0049    -^-1*^    rK^^ 
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whwnce^  substituting 

m^i»Jl  -^  0  OO40  f.o»  ti^ijt  +  jT^cmt  (<aj,  "  ^)  ^  jyi  "^"^  **•*)  ' 

frtun  tliia  the  ftpproximaU^  jtiint  <*mir  can  be  found.     But  it  is  sufficieiit  her« 
to  shriw  that  the  mdivirlual  emirs  iim  negligible. 

The  fimt  givi^a  aii  error  in  the  mL'an  inonunit 

<  ±  000002*  (ir«/). 

The  second  and  thin!  are  inversely  proportional  to  lf\  If  JV  is  ^OO, 
which  is  the  lowest  vahie. 

the  second  error  is  between 

<  ±0  0000025  (Jlfa.n. 

The  third 

<  ±0  0000001  {Ma^), 

Thefti?  are  all   jieglit^ible  quantities,  and,  as  the  eorresjwniding  effects  iin 
the  high*pr*.%sure  and  ifitermediate  engioea,  owing  t(»  the  cranks  being  set 
at  angles  af  G0^  would  only  be  to  compensate  those  of  the    low-pressure 
engine,  the  greate.st  error  wovdd  not  exceed  ^j^i^^th.  (>artv 

9.  Besides  the  errors  resulting  from  the  tenniual  differences  in  the 
moment  of  mouientuni  of  the  water  and  the  fluctuationiH  of  speed  in  f?ie 
engine,  error  in  the  meiisurenient  of  the  work  may  ari^^e  from  imperfect 
balance  of  the  brake,  from  the  frictional  resistance  of  the  automatic  gear, 
from  une(|ual  resistance  in  rising  and  falling  of  the  piston  of  the  dash-pot, 
and  from  the  end  oscillation  of  the  brake. 

The  Ef-ror  of  Balance  of  the  Brake. 

Although,  when  the  shaft  is  running,  the  brake  levers  are  perfectly  free 
between  the  stops,  yielding  to  the  slightest  force  even  when  carrying  a  load 
of  400  pounds  in  addition  to  the  weight  of  the  brake-case  of  over  300  pounds, 
yet,  when  the  shaft  is  standing,  it  requires  a  tnoment  of  some  40  ft. -lbs.  to 
move  the  lever  in  either  direction,  so  that  the  balance  can  only  be  obt^iined 
as  the  difference  of  tliese  moments,  and  this  c^an  only  be  obtained  to  about 
1  foot  pound.  But,  it  is  to  be  noticed  that  as  long  as  the  distribution  of 
weights  is  unaltered  and  the  lever  is  in  the  same  position,  any  error  of 
balance,  whatever  might  be  its  cause,  would  be  the  same  for  all  trials,  no 
matter  what  might  be  the  difference  in  the  suspended  load ;  so  that,  in  taking 
the  difference  of  the  trials,  the  error  would  be  eliminated,  and,  to  insure 
this,  the  automatic  adjustment  was  so  arranged  that,  by  a  screw  adjustment. 
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the  lever  could  be  raised  or  lowered  without  affecting  the  automatic  adjust- 
ment of  the  valves  (see  fi^.  4,  p.  609).  Also  an  index  was  arranged  adjacent 
to  the  end  of  the  lever,  to  which  it  might  be  always  adjusted  (shown  in 
Plates  2  and  3). 


The  Error  of  Balance  resulting  from  Friction  of  the  Automatic  Gear, 

This  had  been  a  matter  of  serious  consideration  in  designing  the  brakes, 
for,  although  it  was  obviously  possible  to  so  balance  the  parts  of  such  gear 
that  there  should  be  no  pressure,  arising  from  the  weight  of  this  gear, 
against  the  fixed  support,  it  was  not  obvious  that  the  friction  of  these  valves 
and  their  gear  would  not  allow  of  a  steady  resistance  to  motion  being 
maintained,  that  is,  would  not  allow  the  brake  to  lean  against  the  fixed 
support  within  the  limits  of  friction.  However,  after  careful  consideration 
of  various  contrivances,  I  came  to  the  conclusion  that,  if  the  gearing  between 
the  support  and  the  valve  were  inehustic,  the  joints  being  an  easy  fit,  the 
tremor  of  the  shaft  and  the  brake,  when  running,  might  be  depended 
upon  to  release  any  frictional  resistance  in  this  gear;  so  that,  after  any 
change,  the  gear  would  rapidly  return  to  equilibrium.  This  proved  to  be 
the  case,  even  to  an  unexpected  extent,  as  was  shown  by  the  freedom  of  all 
the  pins. 

It  was  subsequently  found  by  experiment  that,  even  when  the  valves  were 
so  tight  that  it  required  a  moment  of  30  ft.-lbs.  on  the  brake  to  move  the 
automatic  gear  alone,  with  the  shaft  standing,  in  either  direction,  when  the 
shaft  was  running  any  tendency  to  lean  upon  the  support  in  either  direction 
was  the  result  of  imperfect  balance  in  the  gear;  and  that,  by  adjusting  this 
balance  to  an  extent  which  would  not  cause  a  moment  on  the  brake  of 
0*01  ft.-lb.,  the  tendency  of  the  brake  to  lean  either  in  one  direction  or  the 
other  might  be  reversed,  showing  that,  with  a  load  of  600  ft.-lbs.,  the  relative 
limits  of  error  are  <  ±  000001 6,  and  in  the  difference  of  the  trials  would  be 
zero. 


The  Work  done  in  the  Brake  by  End  Play  in  the  Shaft, 

The  clearance  in  the  brake-case  would  allow  of  nearly  ^-inch  end  play 
along  the  shaft ;  and  when  the  brake  is  running,  owing  to  the  slight  end 
play  of  the  engine-shaft,  there  is  at  times  a  slight  backwards-and-forwards 
movement,  in  the  period  of  the  engine,  of  the  brake-case  on  the  shaft,  but 
not  more  than  the  64th  of  an  inch  at  the  greatest.  This  end  play,  when  it 
existed  at  300  revolutions  and  1200  ft.-lbs.  load,  could  always  be  prevented 
by  an  end  pressure  on  the  case  of  <  50  lbs.     Hence  the  limit  of  work  done 


Olf  THE   MECHANICAL  EQOTVaO 

on  the  brake  is  <  2  k  50/12  x  64  =  013  ft -IK,  which,  t-ompat^d    with  the] 
Wflfk  in  one  revolution  with  a  load  of  1200  ft, -lbs.,  k 

0  U/1200  X  g-r  =  0000017, 

This  would  he  the  limit  if  the  i*rmr  is  proportional  to  the  load,  while  if ^ 

constant,  the  error  on  the  difference  of  twti  trials  would  hts  zero;  fm  that 
greatest  relative  error  is  leas  than 

+  0-000017. 

The  Ei^ror  from  the  Dtjsh-Pfit. 

Since  the  pbiton  is  suspended  freely  in  the  oU-cylinder,  and  the  resistanee 
of  the  oil  is  viseoua  and  eicprea*^t*d  by  ^m/«,  where  /*  is  the  coeffieient  of 
viscosity,  if  the  velocity  of  the  piston,  a  the  area  of  surface,  «nd  a  the 
distance  l>Gtween  the  surfaces,  the  total  resistance  is  thus  ^fa  mnltipltcd  by 
the  total  displat^einent  (which  never  exceeds  01  ft.)  divided  hy  the  time 
(3600  seconds).  This  is  infinitesimal.  Besides  which,  with  1  §00  or  TiOO  fk-llm, 
load  at  300  revolutions,  the  lever  remains  perceptibly  stready,  there  being 
vertical  vibration  perceptible  to  the  finger  on  the  lever.  Hence,  as  long 
there  are  no  oaeilktions,  the  limit  of  error  from  the  dash-pot,  if  any,  h  ii 
perceptibly  small 

The  only  circurastanees  under  which  the  lever  oscillates  is  when  thr* 
water  flowing  through  is  less  than  about  4  lbs.  a  minute;  then  a  slow  oscilla- 
tion appears,  the  lever  moving  some  half-inch,  which  causes  the  automatic 
gear  to  lean  on  the  fixed  support,  and  may  cause  a  small  error. 

The  Development  of  the  Thermal  Measurement'^. 

The  appliances  were  originally  designed,  in  1887,  solely  for  the  purpose 
of  the  study  of  the  action  of  steam  in  the  engines,  and  certain  problems  in 
hydraulics  and  dynamometry,  without  any  intention  of  their  being  used  for 
the  purpose  of  measuring  the  heat  e(|uivalent  of  the  work  absorbed,  but 
rather  the  other  way. 

It  was,  of  course,  obvious  that,  as  the  primary  purpose  of  the  brakes  was 
to  afford  accurate  measurement  of  the  work  spent  in  heating  water,  it  was 
only  necessary  to  measure  the  change  of  temperature  of  the  water  between 
entering  and  leaving  the  brake,  Jis  well  as  its  quantity,  to  obtain  an  approxi- 
mate estimate  of  the  heat  equivalent  of  the  work  done.  But  the  recognition 
of  the  extreme  difficulty  of  obtaining  any  first-hand  assurance  jis  to  the 
accuracy  of  scales  of  thermometers,  and  the  fear  of  creating  erroneous 
impressions  as  to  the  value  of  the  equivalent,  made  me  reluctant  to  allow 
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such  determinations.  For  this  reason,  as  well  as  to  avoid  complicating  the 
brake,  in  the  first  instance  I  made  no  provision  for  the  introduction  of  ther- 
mometers, as  may  be  seen  in  Plate  1. 

But,  after  the  engines  and  brake  had  been  in  use  for  two  years,  and  had 
been  found  to  possess  attributes  in  steadiness  of  running,  delicacy  of  adjust- 
ment and  balance,  beyond  what  I  had  dared  to  expect,  and  particularly  in 
being  able  to  work  with  an  almost  absolutely  steady  supply  of  water 
between  steady  temperatures,  and  the  same  temperatures  for  different 
powers,  arising  either  from  differences  of  speed,  or  diflferences  of  load, 
I  realized  that  by  working  with  the  same  thermometers  on  the  same  parts  of 
their  scales,  and  with  the  same  loads  and  temperatures  at  different  speeds, 
since  the  relative  error  of  balance  would  be  the  same,  if  the  surrounding 
temperatures  were  the  same,  the  difference  of  two  trials  would  afford  the 
means  of  determining  the  loss  of  heat  by  radiation,  and,  this  being  determined, 
the  difference  of  two  trials  made  at  the  same  temperatures  as  the  previous 
trials,  and  both  at  the  same  speeds,  but  with  different  loads,  would  afford 
data  for  determining  the  error  of  balance  without  introducing  the  value  of 
the  equivalent  or  the  use  of  the  scales  of  the  thermometers,  except  to  identify 
equal  temperatures. 

I  then  yielded  to  the  very  general  wish  on  the  part  of  those  who  worked 
in  the  laboratory,  and  added  such  provision  to  the  brake  on  the  low-pressure 
engine  as  would  admit  of  the  measurement  of  the  heat  carried  away  by  the 
effluent  water,  but  only  for  the  purpose  of  verifying  the  accuracy  of  balance 
as  determined  by  mechanical  means. 

The  Thermal  Verification  of  the  Balance  of  the  Brakes. 

10.  The  desirability  of  such  independent  determination  of  the  balance 
arose  in  the  first  instance  from  the  circumstances  already  described  (Art.  9), 
viz.,  that  the  statical  balance  could  only  be  determined  to  1  ft.-lb.,  while  the 
absence  of  effect  from  the  friction  of  the  automatic  gear,  &c.,  was  only 
arrived  at  by  somewhat  complicated  considerations. 

The  supply  of  water  to  the  brake  came  from  the  service  tank,  10  feet 
above  the  floor,  and  7  feet  above  the  shaft,  the  tank  being  supplied  direct 
from  the  town  main,  and  regulated  by  a  ball-cock.  The  pipe  from  the  tank 
passes  beneath  the  concrete  floor  to  a  point  conveniently  close  to  the  brake, 
whence  a  branch,  in  which  is  a  hand-cock,  rises  vertically  to  a  height  of 
4  feet  above  the  floor,  at  which  height  is  the  automatic  inlet  valve,  and  from 
this  the  pipe  is  bent  over,  so  that  its  mouth  is  directly  over  the  inlet  opening 
into  the  brake,  with  which  the  pipe  is  connected  by  a  flexible  indiarubber 
tube. 
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The  first  provmiori  tdihIi^  for  tnen^iiring  the  fcomperature  uf  the  entermf 
water  w»is  an  0|NtiniDg  in  the  betid  of  the  pii>e  over  the 
irikt  vn!vt%  with  a  vertical  g*inch  bra^ss  tiil>e  «4ild<ared  in,^ 
rilpnit  4-  inches  long.  This  iidmitted  i>f  an  iiidianibber 
tH»rk,  through  the  centra  of  which  a  thermometer  w^ 
|ia^}<iHl  into  the  pipe,  aa  shown  in  Fig.  5.  This  whb  aftst- 
waixl  replaeed  by  a  glass  thermometer  chamber^  as  shown 
in  Plate  3. 


!' 


Fiff.  5. 


Ti>  ineiuHUre  the  tensiH^rHture  of  the  water  letfiving  tlii| 
brnke  it  was  necessary,  by  memis  of  a  pipt?  H%eci  to  tbt 
mouth  uf  tho  outlet  valve,  to  bring  the  effluent  water 
abiive  the  balancing  lever  of  the  brake,  and  to  otn*  side 
of  it.  This  pipe  w*ib  arraiigtd  so  as  to  admit  thif  iiitfo- 
tluction  of  a  vertical  thennmneter  into  the  ascending  pipe, 
much  ill  the  same  way  aa  the  other.  In  the  first  iostaow, 
the  extension  pL'^jjuige  and  the  therniomet'er  were  all  rigidly  attached  to  tbt 
bnike,  and  nu.wed  with  it,  which  entailed  a  re*balance  of  tho  braka  BtHh 
setjuently  another  arrangement  was  made.  The  therm ouietera  uead  werr* 
divided  to  onc-fiflh  of  a  degree  Fahrenheit;  they  were  bnth  imnier^ 
ill  the  flowing  water  to  within  a  few  degree4^  i>f  the  top  of  the  mercurr. 
They  wet^  compared  at  equal  teraperaturei  but  otherwise  subjected  t<»  no 
tests  for  accuracy  of  scale.    ^^^^^^^K^^^^^^^^^^^^^ 

In  making  the  experiments  the  link  connecting  the  inlet  valve  with  the 
automatic  gear  wa8  removed  and  the  valve  was  set  open,  the  supply  being 
adjusted  by  the  hand-cock  below.  The  head  on  the  inlet  being  constant, 
when  the  cock  was  set  the  How  \v<is  practically  steady.  The  quantity  of 
water  in  the  brake  then  depended  on  the  outlet  valve,  which,  with  the 
exception  of  a  little  trouble  at  starting  and  stopping,  soon  overcome,  kept 
the  brake  lever  steady. 

To  catch  the  water  after  leaving  the  outflow  thermometer,  the  extension 
pipe  turned  horizontally  over  the  lever  and  then  turned  downwards  into  a 
basin,  the  lip  of  which  was  above  the  mouth  of  the  pipe,  and  from  the  basin 
flowed  in  a  short  trough,  from  which  it  was  caught  in  buckets.  Iii  these 
it  was  taken  to  the  scales  and  carefully  weighed.  This  wtis  a  primitive 
arrangement,  and  recpiired  several  assistants,  but  was  found  capable  of 
considerable  accuracy  up  to  about  40  lbs.  a  minute. 

In  making  these  experiments  the  engines  were  kept  running  at  nearly 
constant  speed  by  keeping  constant  pressure  in  the  boiler.  The  speed  being 
indicated  on  the  speed  gauge  as  well  a.s  recorded  on  the  counter. 


I 


The  water  entering  the  brake,  coming,  as  it  did,  from  the  town's  main, 
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was  at  nearly  constant  temperature  between  40°  and  50°  Fahr.,  according  to 
the  time  of  the  year,  and  varying  less  than  a  degree  throughout  several 
trials. 

The  rise  of  temperature  was  adjusted  by  the  quantity  of  water  admitted, 
according  to  the  work,  so  that  the  final  temperatures  as  well  as  the  initial 
were  as  nearly  as  possible  the  same  in  the  different  trials. 

This  rise  was  such  as  admitted  of  the  temperature  of  the  brake  being  the 
same  as  that  of  the  laboratory,  which  could  always  be  adjusted  to  about 
70""  Fahr.,  so  that  the  rise  was  from  25  to  30  degrees.  This,  with  40  lbs.  a 
minute,  required  from  25  to  30  h.-p. 

Before  commencing  the  actual  trial  everything  was  adjusted,  and  the 
engines  running  with  steady  load  and  steady  speed  until  the  thermometer 
showed  the  heat  to  be  steady  at  the  desired  temperature,  then,  at  a  signal, 
the  counter  was  put  in  and  the  water  caught,  each  of  the  thermometers, 
and  one  giving  the  temperature  of  the  laboratory,  being  then  read  at 
minute  intervals  over  15  or  30  minutes,  when,  on  a  signal,  the  counter  was 
removed  and  also  the  last  bucket. 

The  results  of  these  tests  were  very  consistent,  within  about  0*3  per  cent. 
which  was  within  the  limits  of  accuracy  then  aimed  at. 

Trials  with  equal  loads  and  different  speeds  showed  that  the  loss  by 
radiation  was  very  small,  while  those  at  the  same  speed  with  different  loads 
showed  the  balance  was  within  the  limits  determined  by  mechanical  tests. 

In  these  trials  the  only  correction  was  that  for  the  lubricating  water 
which  escaped  from  the  brake  bushes.  This  was  caught  at  each  bearing, 
and  the  temperature  taken  so  that  the  heat  might  be  added,  this  being 
seldom  more  than  3  per  cent.  It  may  also  be  noticed  that  in  these  trials 
the  heat  lost  or  gained  by  conduction  to  or  from  the  shaft  was  included  in 
the  radiation.  As  the  brake  is  on  an  overhanging  shaft  which  extends  no 
farther  than  the  outer  bush  of  the  brake  case  (Plate  1),  the  only  conduction 
is  on  the  side  at  which  the  shaft  is  continuous,  where  the  brake  bush  is  only 
some  4  inches  from  the  brass  of  the  shaft  bearing.  As  the  temperature  of 
the  brake  on  this  side,  which  is  opposite  to  that  at  which  the  cold  water 
enters,  was  kept  by  the  lubricating  water  at  the  temperature  at  which  the 
water  left  the  brake,  and  this  was  at  the  temperature  of  the  laboratory,  there 
would  be  no  cause  of  conduction  unless  the  friction  of  the  shaft  in  its  bearing 
caused  its  temperature  to  rise  above  that  of  the  laboratory.  When  the 
lubrication  was  good  this  was  small,  although  on  one  or  two  occasions  it 
made  itself  felt. 
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The  Idsa  of  Raimjiff  the  Temperahire  from  32  to  21 2, 

11.  Then©  t4?sts  became  an  annual  exercise  id  the  laboratory,  and  a  tht 
in**tructiVG  exort^ijf^o.  But,  as  the  subject — ^the  value  of  the  equivalei^t — was 
attracting  much  att^^ntiou,  the  desire  to  obtain  measures  of  it  from  these 
trialfl.  by  those  engaged  in  them,  ra^ulted  in  Mr  T,  E.  Stanton,  M.Sc,  then 
Senior  Demonstrator,  effecting,  for  his  own  satisfaction,  a  comparison  of  the 
scales  of  tho  tht^nno meters*  used  in  the  experimfiits  with  a  thermometer 
uf!(ed  in  the  Physical  Laboratory,  which  had  l>een  compared  with  the  air 
thermometer,  and  iotrotkiced  these  corrections  into  the  results  of  the  triak. 
which  m  gave  values  very  chiee  to  what  might  be  c3CfM?cted,  I  could  not  see 
however  that  iletemiinations  made  with  ihenuometers  so  corrected  could 
have  any  intrinsic  value,  hut,  as  the  matter  was  exciting  great  iiitrerest  in 
the  [ahomtory,  I  carefully  consitlered  the  conditions  which  would  be  Dece^saiy 
in  nnh-t  to  render  the  great  facilities,  which  thiA  bmke  wbb  thus  seen  to 
affiird^  available  for  ao  independent  do  termination. 

The  institution  of  an  air  thermometer  was  carefiilly  considered  aoil 
rf*jeeted.      But  it  (occurred  to  tne  that  it  might  be  possible  to  avoid  the 

ititrtjduction  of  scaleJi  of  the  thermometers,  just  as  before,  and  jet  obtain 
the  result.  If  it  could  be  so  arranged  that  the  water  should  ent^r  the 
brake  at  the  tt^mj-ierature  of  melting  ice  and  leave  it  at  the  temperature 
of  water  boiling  under  the  standard  pressure,  all  that  would  be  required 
of  the  thermometers  would  be  the  identification  of  these  temperatures.  At 
first  the  difficulties  appeared  to  be  very  formidable.  But  on  trying,  by 
gradually  restricting  the  supply  of  water  to  the  brake  when  it  w^as  absorbing 
some  60  H.-P.,  and  finding  that  it  ran  (|uite  steadily  with  its  automatic 
adjustment  till  the  temperature  of  the  effluent  water  was  within  3°  or  4'  of 
212°  Fahr.,  T  further  considered  the  matter  and  formed  preliminary^  designs 
for  what  seemed  the  most  essential  appliances  to  meet  the  altered  circum- 
stances. 

These  involved — 

(1)  An  artificial  atmosphere,   or  a  means  of  maintaining  a   steady 

air  pressure  in  the  air  passages  of  the  brake  of  something  like 
one-third  of  an  atmosphere  above  that  of  the  atmosphere. 

(2)  A    circulating    pump   and   w^ater  cooler,  by   which    the   entering 

water  (some  30  lbs.  a  minute)  could  be  forced  through  the 
cooler  Jind  into  the  brake,  at  a  temperature  of  82°,  having 
been  cooled  by  ice  from  the  temperature  of  the  town  main. 

(3)  A  condenser  by  which  the  effluent  water  leaving  the  brake  at 
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212°  Fahr.  might  be  cooled  down  to  atmospheric  temperature 
before  being  discharged  into  the  atmosphere  and  weighed. 

(4)  Such  alteration  in  the  manner  of  supporting  the  brake  on  the 

shaft  as  would  prevent  excess  of  leakage  from  the  bushes  in 
consequence  of  the  greater  pressure  of  the  air  in  the  brake, 
since  not  only  would  the  leaks  be  increased,  but  when  the  rise 
of  temperature  of  the  water  was  increased  to  180°,  the  quantity 
for  any  power  would  be  diminished  to  one-sixth  part  of  what 
it  would  be  for  30°,  so  that  any  leakage  would  have  six  times 
the  relative  importance. 

(5)  Some  means  which  would  afford  assurance  of  the  elimination  of 

the  radiation  and  conduction,  as,  with  a  rise  of  140°  Fahr. 
above  that  of  the  laboratory,  these  would  probably  amount  to 
two  or  three  per  cent,  of  the  total  heat. 

(6)  Scales  for  greater  facility  and  accuracy  in  weighing  the    water, 

with  a  switch  actuated  by  the  counter. 

(7)  A  pressure  gauge  or  barometer,  by  which  the  standard  pressure 

for  the  boiling  point  might  be  readily  determined  at  3°  or 
4°  Fahr.  above  and  below  the  boiling  point,  so  as  to  admit 
of  the  ready  and  frequent  correction  of  the  thermometers  used 
for  identifying  the  temperature  of  the  effluent  water. 

(8)  Some  means  of  determining   the   terminal   differences   of  tem- 

perature and  quantity  of  water  in  the  brake,  which  would  be 
relatively  six  times  larger  with  a  rise  of  180°  than  with  30°. 

The  Special  Appliances  and  Preliminaries  of  the  Research, 

12.  Having  convinced  myself  by  preliminary  designs,  not  only  of  the 
practicability  of  the  appliances,  but  also  of  the  possibility  of  their  inclusion 
in  this  already  much  occupied  space  adjacent  to  the  brake,  there  still 
remained  much  to  be  done  in  the  way  of  experimental  investigation  to 
obtain  data  from  which  the  requisite  proportions  of  these  appliances  could 
be  determined,  and  these  preliminary  investigations  were  not  commenced 
till  the  summer  of  1894,  when  Mr  Moorby  undertook  to  devote  himself  to 
the  research. 

Weighing  Machine  and  Tank. 

13.  The  first  step  consisted  in  obtaining  a  somewhat  special  table 
weighing  machine  (Plates  2  to  4),  having  two  rider  weights  on  independent 
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scales,  one  divided  to  UK)  \lm.  from  0  to  2200.  the  other  to  1  lb,  from  0  u 
100.  Als4j  a  galvanixt^d  iron  tank,  5'  x  t*  9"  x  2'  9*\  capable  of  holding  shim 
oik*  Um  of  wattsr,  with  a  4'inch  scrow  valve  at  the  bottom,  cipening  inwarrli 
by  H  Imtidlo  above  the  top  of  the  taak,  the  top  of  the  tank  being  covered 
with  carefully  fitted,  but  separate.  J -inch  pioe  boai-ds,  previously  steeped 
in  melted  paraffiu-wax,  to  prevent  adlieisittn  or  absorption  of  water.  This 
machine  and  tank,  which  is  a  large  affair,  was  placed  io  the  only  position 
available,  oppt^s^ite  the  end  of  the  shaft  and  l>eliiDd  the  standing  pipes  fwr 
siipplyiug  the  ctmdensing  water  to  the  engine,  thus  leaving  the  pa«sap 
between  these  pipes  and  the  end  of  the  shaft  open,  an  important  inatt«^, 
a»  tills  passage  was  the  only  place  from  which  the  observations  on  the 
bmkes  could  be  made.  Thi!^  entailed  the  carrYing  the  ont8ow  from  the 
brake  over  the  passage,  about  it  feet  (i  inches  from  the  floor. 
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14.  This*  extension  of  the  pip©  further  entailed  the  nece^ity  of  niakiuf 
thiH  pipe  a  iixtui'e,  and  connecting  it  with  the  outlet  below  the  automatic 
cock  by  a  bent  wii-e-bound  flexible  indiarubber  pipe,  so  as  to  prevent  ao|. 
moment  on  the  brake.     (Sc?e  Fig.  0.) 


I 


Fig.  6. 


The  Thertnovxeter  Chambers. 


15.  A  glass  chamber  for  the  outflow  thermometer  was  introduced  as 
shown  (Fig.  6),  and  another  for  the  inlet,  somewhat  similar.  These  were 
arranged  so  that  the  bulbs  of  the  thermometers  >vere  down  in  the  full 
current  while  the  scale  was  in  the  glass  tube,  through  which  a  portion  of 
the  water  was  allowed  to  flow,  that  from  the  inlet  thermometer  being  con- 
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ducted  away  to  waste,  while  that  from  the  outlet  was  conducted  back  again 
into  the  outflow  pipe.  In  this  way,  not  only  the  bulbs  of  the  thermometers, 
but  the  entire  theinnometers  were  immersed  in  the  flowing  water. 

The  Two-way  Switch, 

16.  A  switch,  as  shown  in  Plate  3,  was  also  constructed  for  diverting 
suddenly  the  stream  of  effluent  water  from  waste  to  the  tank,  or  vice  versdy 
without  exposing  the  stream  for  more  than  an  inch,  and  without  any  splash- 
ing or  uncertainty. 

Experience  in  Making  Observations. 

17.  When  these  arrangements  were  completed,  and  whilst  the  other 
appliances  were  progressing,  Mr  Moorby  commenced  a  series  of  experiments 
similar  to  those  which  had  been  previously  made,  using  the  water  from  the 
tank  at  the  temperature  of  the  town  s  water,  and  raising  it  to  temperatures 
which  were  successively  increased.  This  was  with  a  view  of  testing  the 
improved  facilities,  and  also  of  gaining  experience  and  facility  in  making 
and  recording  the  observations. 

The  engines  and  brakes  were  occupied  two  or  three  times  a  week  in 
the  ordinary  work  of  the  laboratory,  so  that  there  were  only  one  or  two 
days  a  week  available  for  these  experiments,  and  every  opportunity  was 
valuable. 

The  Design  of  the  Condenser. 

18.  At  the  same  time  he  made  experiments  to  determine  the  necessary 
length  of  pipe  in  order  that  the  water  flowing  along  it  at  the  rate  of  20  lbs. 
a  minute  would  be  cooled  from  212°  to  70°,  when  the  pipe  was  jacketed  by 
a  stream  of  town's  water  at  50°  Fahr. ;  by  the  result  of  which  experiments 
the  condenser  in  which  the  eflfluent  water  is  cooled  to  75°  was  designed 
(Plates  2  to  5). 

Design  of  the  Ice-Cooler. 

19.  To  cool  the  water  to  32°,  or  as  near  as  practicable,  I  had,  on  account 
of  the  danger  of  some  ice  being  carried  through  with  the  water  if  the  ice  were 
once  put  into  the  water,  decided  to  pass  the  water  through  a  long  coil  of 
ordinary  water  piping,  immersed  in  water,  towards  the  top  of  a  tank  with  ice 
under  the  coil,  and  from  experiments  made  by  Mr  Moorby,  I  decided  on  the 
coil  and  arrangements  shown.  The  coil  consists  of  |-inch  composition  pipe, 
200  feet  long,  the  tank  being  2  feet  6  inches  wide  and  deep  and  4  feet  long,  the 
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«!oil  bt?itig  placed  near  thu  i^urface  of  the  water  on  a  shelf,  with  ^  wire  miU^ 
space  at  the  end  for  the  ititriMluotion  of  tho  ice,  which  is  pinshetl  down 
under  the  shelf,  and  with  a  paddle  which  is  kept  in  continual  motion  by 


r 
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a  cord  from  the  line  shafts  thus  securing  a  rapid  circulation  of  the  wal^r. 
The  tank  m  coii*>tmcted  of  1-iiich  pine  saturated  with  paraflfin  was,  10 
preference  to  a  metal  tank. 

In  this  design  account  had  to  be  taken  of  the  I'equi&ite  head  of  wat^r 
Decenary  to  force  some  20  !ba  a  minute  through  the  coil*  It  wa^  estiraaM 
that  this  would  require  some  30  lbs.  on  the  sijviare  inch,  which,  together 
with  the  5  lbs.  excess  of  pressure  in  the  brake  above  the  atmosphere,  and  a 
margin  of  some  25  lbs.  in  order  to  secure  steadiness  of  flow,  made  a  total  of 
60  lbs.  on  the  square  inch,  or  122  feet  of  head. 


! 


The  Circulating  Pump. 

20.  It  was  essential  that  this  head  should  be  approximately  steady,  and 
under  control  during  the  trials,  also  that  the  water  should  be  drawn  as 
directly  as  possible  from  the  town's  mains,  in  order  to  secure  both  the  low 
temperature  and  great  purity  of  this  water.  This  precluded  the  direct  use 
of  the  water  from  the  large  tank  in  the  tower,  which  would  otherwise  have 
just  afforded  this  head.  It  also  precluded  the  use  of  such  head  iis  there 
might  be  in  the  town's  mains,  as  this  was  insufficient  and  continually  varying, 
so  that  some  special  means  of  imparting  the  steady  head  to  the  water  after 
drawing  it  from  the  mains  was  necessary.  This  involved  pumping  the 
water  through  the  ice-cooler  and  brake.  It  might  be  done  by  pumping  it 
from  the  service  tank  in  the  laboratory  into  an  accumulator  under  a  constant 
load,  or  by  pa.ssing  the  water  through  a  centrifugal  pump,  running  at  a  steady 
speed,  on  its  way  to  the  brake. 
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The  facilities  in  the  laboratory  decided  this  question.  There  already 
existed  the  quadruple  vortex  turbine,  with  four  three-inch  wheels  in  series, 
worked  from  the  water  in  the  tower,  which  would  work  steadily  up  to  1  h.-p., 
in  a  position  which  would  be  convenient  for  driving  a  centrifugal  pump  in 
the  in-circuit  of  the  pipe  leading  to  the  brake ;  I  also  had  a  quintuple 
centrifugal  pump  with  five  IJ-inch  wheels  in  series  which  was  adapted  to 
the  purpose.  It  was  decided,  therefore,  to  lead  the  water  from  the  surface 
tank,  9  feet  above  the  floor,  into  the  quintuple  pump,  driven  by  the  turbine 
under  a  constant  and  controllable  head,  so  that  the  head  would  be  raised  to 
the  required  amount.  Then,  to  lead  the  water  through  the  cooling  coils  to 
a  pressure  gauge  close  to  the  brake,  and  thence  through  a  regulating  valve 
into  the  passage,  with  the  thermometer,  leading  into  the  brake.  (See  Plates  4 
and  5.) 

The  Outlet  frovi  the  Condenser. 

21.  In  order  to  prevent  the  formation  of  steam,  owing  to  the  presence 
of  air  in  the  water,  before  it  had  passed  the  outlet  thermometer,  it  was 
necessary  to  maintain  a  certain  pressure  in  the  effluent  water  as  it  ptissed 
the  bulb  of  this  thermometer.  At  first  it  was  thought  that  a  head  of 
5  or  6  feet  would  suffice.  In  order  to  secure  this,  the  level  of  the  con- 
denser being  some  3  feet  above  the  bulb,  the  pipe  leading  from  the  condenser 
was  carried  up  vertically  about  3  feet  higher,  then  turned  over  and  led  down 
again  to  an  orifice  immediately  over  the  switch,  while  from  the  top  of  the 
bend  a  vertical  branch  extended  upwards  about  3  feet,  with  its  mouth  open, 
to  the  air.     This  was  subsequently  raised.     (See  Plate  2.) 

Preliminary  Experiments  at  212'  under  Pressure. 

22.  The  preliminary  investigations  and  the  construction  of  the  appliances 
so  far  described  were  not  completed  till  May,  1895.  It  then  became  possible 
to  make  some  experiments  as  to  the  working  of  the  brake  under  pressure  and 
at  high  temperature,  so  as  to  obtain  guidance  as  to  the  artificial  atmosphere 
and  means  of  controlling  the  leakages  at  the  bearings.  From  these  experi- 
ments two  things  came  out  clearly.  It  was  found  that  all  that  was  necessary 
for  an  artificial  atmosphere  was  to  connect  the  outlet  of  the  air  passage  on 
the  top  of  the  brake  by  means  of  a  flexible  indiarubber  pipe  capable  of 
bearing  the  pressure  to  a  vessel  of  very  moderate  capacity. 

The  Artificial  Atmosphere, 

23.  A  tin  can,  holding  about  3  gallons,  with  the  bottom  and  top  coned 
upwards,  and  strong  enough  to  stand  the  full  pressure  of  60  pounds,  was 
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Fig.  8. 

definite  escape  of  air.  An  opening  at  the  bottom,  with  a  cock  for  drawing  off 
water,  was  also  provided.  For  forcing  the  air  in,  a  syringe  for  inflating 
bicycle  tyres  was  used  in  the  fii*st  instance  and  proved  ample  ;  in  fact,  when 
once  the  pressure  was  raised,  the  small  amount  of  air  released  from  the 
water  was  more  than  sufficient  to  maintain  the  pressure,  so  that  it  was 
continually  allowed  to  escape. 


The  S(uJfin(/-boa:  and  Cap  to  prevent  Leakage. 

24.  The  thing  that  was  revealed  by  the  experiments  at  high  tempera- 
tures, was  that  the  leakage  of  water  at  the  coned  bushes  of  the  brake  was 
so  much  increased  by  the  pressure  within  the  brake,  that  even  when  these 
bushes  were  adjusted  to  run,  as  close  as  was  practicable,  on  the  cones  of  the 
shaft,  this  leakage  was  very  considerable,  so  that  some  other  method  of 
controlling  this  escape  became  necessary. 

'I'his  matter  threatened  to  present  great  difficulties.     It  was  apparently 
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impossible  to  close  in  the  bushes  with  stuffing-boxes  and  stop  the  leakage 
altogether,  as  that  would  prevent  the  lubrication  of  the  shaft,  and,  apart 
from  this,  would  cause  the  temperature  on  the  shaft  side  of  the  brake  to 
rise  to  the  temperature  of  the  brake,  212°  Fahr.,  which  would  cause  a  large 
escape  of  heat  along  the  shaft.  Besides  this,  the  adaptation  of  stuffing- 
boxes  to  the  existing  brake  presented  such  difficulties  that  it  almost  seemed 
as  though  it  would  be  necessary  to  have  a  new  brake,  which,  besides  the 
delay,  would  entail  an  addition  of  some  £200  to  the  expenses,  which  were 
otherwise  very  considerable. 


Fig.  9. 


To  avoid  this  I  determined  to  try  a  stuffing-box  on  the  shaft  side, 
constructed  in  halves  to  be  bolted  together  on  the  shaft,  and  then  sweated 
into  one,  this  stuffing-box  to  screw  on  to  the  exposed  screw  of  the  bush,  and 
make  a  joint  against  the  lock  ring ;  then  to  open  a  passiige  through  the  box 
inside  the  packing-ring,  with  a  tap  to  control  the  escape  of  water,  and  at 
the  other  end  to  screw  a  cap  on  to  the  bush,  entirely  inclosing  the  end  of  the 
shaft,  with  an  aperture  and  a  tap  to  regulate  the  water,  also  a  small  stuffing- 
box  in  the  cap,  to  allow  of  a  spindle  for  connecting  the  shaft  with  the 
counter. 

These  entailed  very  difficult  and  exceptional  work,  but  were  beautifully 
executed  by  Mr  Foster,  in  the  laboratory  (Fig.  9). 

However,  the  result  was  very  doubtful,  as  the  water  flowing  from  the 
brake  through  the  aperture  in  the  stuffing-box  not  only  raised  the  tempera- 
ture of  the  shaft,  but  was  itself  of  uncertain  temperature. 

40—2 
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It  was  in  July,  1895,  that  this  expenotice  was  obtained,  aod  for  a  time 
tho  ©utT»*Si^  of  the  r€»ionn*h  ^tn-med  daublfuh  Duriog  th«»  vacation,  ha«ef«^ 
ati  idea  ticeiirred  to  me  which  »it  once  promised  to  do  a  way  with  ih& 
difKculty* 

7%#  Cooling  and  Lubricating  of  t/ie  Busties. 

25,  This  idea  coDMisttnl  of  what  Rt*eiiit?d  to  be  a  pmctic^ble  pliifl  4 
fonring  a  relatively  iimall,  but  sufficient  j^>rtion  of  the  iee-<?old  waUfr  tntn 
the  brake  through  each  of  the  Unriug^,  the  quantities  Ijeing  strictly  titi4«r 
control. 

That  thin  plan  should  not  have  pre«i?nted  itself  as  fioon  as  the  additi^RO  ut 
tlie  stuftiug'bosc  antl  the  cap  were  eonteniplated,  becomes  intelligibli*  wlus 
it  ii*  rijineuibortid  that  the  main  objtTcfc  in  the  invention  of  this  bimkt'  hd 
bt^en  to  secure  a  constant  pressure  in  the  air  space  within  the  vurtix'JMi*  M 
that  by  admitting  the  water  throngh  pa8.mge«4  in  the  vatieii  directly  mUy  tki 
air  npace  a  ctuiHtant  resistance,  whether  tliat  of  the  atmosphere,  or  KTtitidil 
atini>H]»here,  on  the  entering  water  would  be  secured,  and  that  ttie  pomVUlf 
uf  maintaining  an  even  How  thnmgh  the  brake,  m  e^etitial  to  any 
in  the  reHetirch,  depended  entirely  on  the  realization  of  this  eonstAZit 
ance.  Except  the  inlet  passiige,  tlie  interior  of  the  wheel,  and  the  air 
ill  the  vorticeB.  all  the  sipaccs  in  the  brake  and  brake-case  are  under  the  ful! 
viii'ti'X  pri^8SHi'o,  ♦'xrepting  whtTf,  a.s  in  the  bii^h  im  the  chneci  side  nf  tirr 
brake,  and  that  between  the  solid  disc  fjices  on  the  inlet  side,  the  prej>sure 
is  relaxed  by  the  escape  of  the  water.  This  vortex  pressure  depends  on  the 
load  on  the  brake,  and  may  be  anything  up  to  25  pounds  on  the  square  inch 
greater  than  that  in  the  air  cores.  It  thus  seemed  like  starting  cfe  wory  u> 
interfere  with  this  arrangement ;  and  it  was  only  when  one  c^ime  to  realize 
that  the  possibility  of  preventing  all  leakage  by  the  introduction  of  the 
stuffing-box  and  the  cap  had  rendered  it  possible,  by^  controlled  subsidiary 
supplies  under  pressure,  to  reverse  the  flow  of  the  lubricating  water,  and 
so  to  do  away  with  leakage,  and  not  only  to  secure  lubrication,  but  aU 
to  cool  the  bushes,  and  then  only  after  considering  the  amounts  of  water 
required,  and  the  provision  in  the  way  of  pumping  appliances,  separate 
supplies  of  water  and  thermometers,  &c.,  that  the  altered  facilities  afforded 
by  the  circulating  pump  came  to  be  recognized. 


The  By-channels  and  Regulator  admitting  Cooled  Water  to  the  Btishem. 

26.  Since  the  main  supply  must  enter,  as  before,  at  the  same  pressure 
as  the  air  within  the  vortices,  while,  in  order  to  reverse  the  flow^  through  the 
bushes,  that  entering  the  cap  must  enter  at  a  little,  but  only  a  little,  abore 
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that  of  the  air  within,  while  that  entering  on  the  brake  side  of  the  packing- 
ring  in  the  stuffing-box  must  enter  at  any  pressure  up  to  20  lbs.,  according 
to  the  load,  above  that  of  the  air  within,  it  was  clear  that  there  must  be 
three  supplies  of  water  at  different  pressures  under  separate  control ;  and  it 
was  equally  clear  that  these  supplies  must  all  be  at  the  same  temperature. 

Fortunately,  the  arrangements  already  made  for  the  new  supply  afforded 
ready  means  of  securing  these  conditions,  as,  in  order  to  insure  steadiness  in 
the  supply  through  the  regulating  valve,  it  had  been  provided,  in  arranging 
the  pump,  that  there  should  be  an  excess  of  20  lbs.  on  the  square  inch  above 
that  necessary  to  force  the  maximum  water  through  the  coil  and  to  overcome 
the  air  pressure  in  the  brake ;  also,  as  the  regulating  cock  was  only  an  inch 
or  two  from  the  thermometer  chamber,  the  water  would  be  subject  to  little 
heating  by  radiation  after  leaving  the  cock,  while  the  effect  of  radiation  to 
the  by  channels  would  be  of  secondary  importance,  as  it  is  eliminated  with 
the  rest  of  the  radiation  in  the  difference  of  the  trials. 

It  thus  became  possible,  by  leading  cooled  water  through  two  short  by- 
branches,  with  .separate  regulators,  from  the  supply  pipe,  before  passing  the 
main  regulator  respectively  into  the  aperture  through  the  stuffing-box  on 
the  inside  of  packing-ring,  and  into  the  cap  on  the  inlet  end,  to  secure 
controlled  inflows  of  ice-cold  water  between  each  of  the  bushes  and  the 
shaft,  and  so  to  adjust  the  temperature  of  the  bearing  and  insure  lubrication 
of  the  shaft  (Fig.  9). 

In  order  to  render  such  inflows  steady  and  constant,  it  was  desirable  that 
the  pressures  before  passing  the  regulator  should  be  kept  at  a  considerable 
and  constant  quantity  above  the  vortex  pressure  in  the  brakes. 

From  the  first  preliminary  trials  made  with  the  branches  it  appeared 
that  the  turbine  and  pump  were  capable  of  supplying  sufficient  pressure 
for  this,  so  that  the  only  additions  necessary  were  the  branches.  These 
were  made  of  i-inch  brass  pipe  from  the  main  pipe  from  the  cooler  as  far 
as  the  branch  regulators,  and  thence  continued  by  |-inch  indiarubber  vacuum 
tube  f  inch  outside  wrapped  with  tape.  The  branch  regulators  have  cocks, 
with  provision  for  fine  adjustment,  so  that  the  very  small  quantities  which 
passed  might  be  definitely  regulated  to  great  nicety  (Plate  3).  With  these 
it  was  found  practicable  to  maintain  the  temperature  of  the  bushes  from 
anything  a  few  degrees  above  32  to  any  required  temperature. 

It  is  to  be  noticed  that  the  work  done  by  pressure  over  and  above  the 
pressure  pa  in  the  inlet  thermometer  chamber,  is  that  due  to  the  difterence 
between  the  pressure  in  the  main  pipe  before  passing  the  regulators  and  pa, 
through  whichever  passage  the  water  enters.  And  since  in  that  water  which 
passes  into  the  thermometer  chamber  through  the  main  regulator  this  work 
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h^  been  converted  into  hmt,  luifl  i**  measured  »»  mtenng  hint  by  the  ink 
therm*rmc«cr,  tht?  aasumptkin  ihni  the  water  thnmj^h  thfi  bnuichea  entoi 
at  the  |jni534^ure  /*«,  and  the  k^iti[M:niture  given  by  thif  itilet  thentiouieta, 
involve  no  otht^r  errar  than  that  rcttnlting  fmm  imliatiiiti,  which  is  conilant 
for  all  trialu,  antl  b  iiliminated  in  the  difference. 


The  Itfsffulation  of  the  Temjwralure  of  the  /JiijeA^, 

27.  In  the  preliminary  triaU  thin  ternpenitni-e  wa^*  only  luscc^rtained  Ij 
ti»uch,  and  regiilHti*d  m  its  to  be  *i8  nearly  i\ii  piisaiblo  that  of  the  labomt<wy» 
the  bmiieh  cticks  being  !^f*t  with  a  definite  opening,  and  the  excess  of  pre^ure 
tnaiiitained  as  nearly  m  fwiswible  confltant,  a  plan  which  was  found  to  gm 
eonHistftnt  resnlt-s,  Byt  it  iilm  appeai-ed  that  in  onler  to  maintmn  the  ^nie 
trmpt^mture  in  the  stuffing-box  fur  the  large  ami  small  trials  with  the  sani^ 
pn*s*siin*  in  the  main  pipt^i  it  was  neces^sary  to  open  the  branch  coek  wider  ia 
thi*  large  triaU,  This*  was  to  b^  expected  from  the  greater  vorfcejc  preemiif 
in  the  livrge  trials.  And  as  owing  ti>  the  greater  resistance  of  the  ©ooter 
in  the  In^rge  trials  there  wm  difficulty  in  maintaining  a  great  exeess  of 
pre^iire  over  the  vortex  pressure,  it  vfm  decided  to  run  both  large  sttid 
small  trials  with  the  sani^  setting  of  the  cock,  and  the  same  head  iti  tbt 
cooUiig  pipe,  keeping  a  record  until  some  raeanfl  was  obtained  of  estiniaUog 
the  compaiBtive  slopes  of  temperature  in  the  ahaft  in  the  large  and  im»il 
trials. 

The  Measurement  of  the  Comparative  Slopes  of  Temperature  in  the  Shafi. 

28.  The  desirability  of  some  more  definite  knowledge  of  the  slope  of 
temperature  in  the  shaft  between  the  brass  of  the  nearest  shaft  bearing  and 
the  stuffing-box  was  strongly  felt,  but  it  was  not  at  first  apparent  how  this 
might  be  done,  the  shaft  being  4  inches  in  diameter,  and  the  gap  between 
the  end  of  the  stuffing-box  and  the  brass  of  the  bearing  being  only  3  inches. 

However,  as  it  became  more  evident,  with  the  bmnch  cocks  set  at  a 
constant  opening  and  the  same  pressures  in  the  supply  pipe,  that  the 
temperatures  in  the  stuffing-box  were  greater  in  the  large  than  in  the 
small  trials,  and  that  a  small  difference  in  the  adjustment  of  the  branch 
cock  to  the  stuffing-box  affected  the  apparent  loss  of  heat  to  the  extent 
of  some  01  or  02  per  cent,  of  the  total  heat,  I  determined  to  try  and 
obtain  some  definite  evidence  of  the  relative  slopes  of  temperature  in  the 
two  trials,  by  measuring  the  relative  temperatures  of  the  brass  and  the 
stuffing-box  as  far  as  was  practicable.  For  this  purpose,  I  had  thick  bra^s 
tubes,  radiating  outwards,  sweated  on  to  the  end  of  the  stuffing-box,  to 
hold  thermometers.     Two   such    tubes    were   necessary  on    account   of  the 
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8crewing-np  of  the  box,  which  had  to  be  done  whenever  it  began  to  leak ; 
and  although  this  was  not  done  during  a  trial,  one  tube  would  sometimes 
fece  downwards,  which  was  inconvenient.  In  a  similar  manner  two  tubes 
were  attached,  one  to  the  top  and  one  to  the  bottom  brass  of  the  bearing, 
holes  being  bored  into  the  brass  and  the  tubes  screwed  in.  These  tubes 
are  shown  in  Fig.  9. 

In  this  way,  with  a  thermometer  in  one  of  the  tubes  ou  the  stuffing-box 
and  one  in  each  of  the  tubes  on  the  bearing,  although  the  thermometers 
might  not  give  the  actual  temperatures  of  anything  in  particular,  still  the 
steadiness  of  the  conditions  of  the  brake  warranted  the  conclusion  that  the 
differences  in  the  readings  of  tlie  thermometers  would  serve  to  identify 
similar  conditions  as  to  slope  of  temperature,  and  this  turned  out  to  be 
the  case. 

These  thermometers  threw  a  Hood  of  light  on  to  conditions  which  had 
before  been  hardly  perceptible.  Thus,  after  reading  the  thermometer  during 
three  large  trials  and  three  small  trials,  with  the  cocks  set  as  before  without 
having  been  displaced,  and  with  the  same  pressures,  it  was  found  that  the 
mean  of  the  three  large  trials  indicated  13°  Fahr.  greater  slope  from  the 
stuffing-box  to  the  brass  than  that  indicated  by  the  mean  of  the  three  small 
trials. 

The  Constants  and  Limits  of  Error  of  Conduction. 

29.  It  thence  became  possible  in  the  subsequent  trials,  by  adjusting  the 
cocks,  to  bring  about  a  mean  condition  in  which  the  mean  slope  in  the  large 
trials  was  the  same  as  that  in  the  small,  and  by  comparing  the  mean  results 
of  those  trials  in  which  the  difference  of  slope  had  been  in  one  direction 
with  the  mean  of  those  in  which  it  had  been  in  the  opposite,  to  obtain  a 
constant  expressing  the  quantity  of  heat  lost  for  each  degree  of  the  recorded 
slope. 

These  thermometers,  read  to  1°  Fahr.  7  times  during  the  trial  of  each 
sort,  would  give  a  limit  of  error  of  the  |  of  a  degree,  which,  taking  12  thermal 
units  per  hour  as  the  loss  per  degree,  would  give  as  limit  of  relative  error 
on  100,000  thermal  units  of,  on  one  trial, 

000002, 

and  these  being  casual,  when  taken  over  40  trials  would  be  less  than  a 
millionth. 

The  Hand' BraJce  for  Regulating  ike  Speed  of  the  Engines, 

30.  Although  it  had  been  found  possible  to  maintain  the  speed  of  the 
engine  constant  within  2  or  3  per  cent,   when  the  engines  were  working 
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with  a  considerable  margin  of  pressure  in  the  bailer,  by  niaintaiaing  tb 
presaura  in  the  boiler  cnn^itatit,  the  care  and  atteiiticm  roqtiired  on  the  part 
of  Mr  J.  Hall,  who  had  clmrge  of  the  engine,  became  excessive  when  the 
engineJi  were  indicating  over  80  H.-R.  particularly  m  he  could  not  W 
attending  to  th^  fire  and  lubrication,  and  at  the  same  time  watching  the 
speed  indicator.  To  meet  this  difficulty,  as  there  is  no  known  automatic 
governor  which  will  regulate  an  engine  working  against  a  i^sistance  wiiA 
is  independont  of  the  i5pet'<.L  without  fluctuationa,  I  arranged  a  hand-brake 
on  the  rope  pulley*  II  ft?et  in  diameter,  on  the  bmke  nhafl,  to  be  applied  by 
one  of  the  asai«tantH  in  the  laboratory  during  the  trial  The  amount  cff 
power  to  be  absorbetl  by  this  being  less  than  2  h.-p*  at  the  most,  a  |-inch 
cotton  ropo,  with  one  end  fast,  passed  round  in  one  of  the  grooves  of  the 
pulley,  the  other  end  being  attachcsd  to  a  spring  balance,  the  position  of 
which  could  be  regulated  with  a  screw,  would  answer  the  purpose  (shown  in 
Plate  3).  _ 

In  this  way.  as  the  natural  variations  of  speed  of  the  engint^  are  reiy 
slow,  Mr  Matthews  waji*  able,  after  a  little  experience,  to  keep  the  speed  bo 
within  something  like  one  revolution,  or  0*3  per  cent. 


The  CQrrmtim^  for  the  Terminal  ffeut  of  the  Bral^. 


4 


81.     As   the   temperature   of  the   effluent   water  could  be  continually 

regulated  by  regulating  the  supply  of  water  to  the  brake,  whatever  might 
be  the  speed,  the  chief  importance  of  keeping  the  speed  regular  arose  from 
the  errors  (1)  caused  by  small  differences  of  tempeniture  in  the  brake 
together  with  the  water  it  contained  at  the  commencement  and  end  of  the 
trial,  and  (2)  by  small  differences  in  the  weight  of  water  in  the  brake  at 
the  commencement  and  end  of  the  trial. 

Such  errors  belong  to  the  class  of  casual  erroi*s  to  be  eliminated  in 
the  mean  of  a  number  of  trials.  Still,  it  seemed  desirable  to  have  some 
assurance  that  such  elimination  was  effected,  and,  in  order  to  obtain  this, 
I  proposed  that  the  actual  quantity  of  water  in  the  brake  for  each  of  the 
loads  used  in  the  experiments  should  be  determined  experimentally  at 
several  speeds  covering  the  range  of  variations  likely  to  occur,  and  so  to 
obtain  a  curve  for  each  load,  showing  the  water  at  each  particular  speed  ; 
this  to  be  done  by  running  the  brake  as  in  the  trials,  steadily,  at  a  particular 
speed,  the  water  passing  as  in  the  trial.  Then,  suddenly,  by  forcing  down 
the  lever,  to  close  the  automatic  outlet  valve,  and,  at  the  same  time  shutting 
the  inlet  valve  and  stopping  the  engines,  and  thus  trapping  the  working 
charge  of  water  in  the  brake.  The  water  could  then  be  drawn  out  and 
weighed. 
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Putting  B  for  the  capacity  for  heat  of  the  metal  of  the  brake,  w  for  the 
weight  of  water,  and  T  for  the  temperature  observed  on  the  effluent  thermo- 
meter, the  total  heat  in  the  brake  is  expressed  by 

(B  +  w)T\ 

and,  if  Wi,  TC  refer  to  the  weight  of  water  and  temperature  at  starting,  and 
Wf,  Tf  to  the  corresponding  quantities  at  the  end  of  the  trial,  the  correction 
which  has  to  be  subtracted  from  the  heat  observed  is  expressed  by 

The  Method  of  Conducting  the  Trials — Elimination  of  Radiation. 

32.  The  entire  system  of  working  was  designed  to  secure  the  most 
perfect  elimination  of  radiation  possible.  Thus,  it  was  arranged  in  the 
first  place  that  the  trials  be  made  in  pairs,  one  heavy  trial  and  one  light 
trial,  made  under  circumstances  as  nearly  similar  as  possible,  except  in 
respect  of  load  and  water.  The  loads  in  the  first  instance  being  1200  and 
600  foot-pounds,  and  the  quantities  of  water  such  that  the  final  temperature 
should  be  as  nearly  as  possible  212°  Fahr.,  and,  after  the  preliminary  trials, 
300  revolutions  per  minute  was  adopted  as  the  speed  for  all  the  trials, 
60  minutes  as  the  time  of  running.  The  inlet  and  outlet  thermometers  to 
be  read  after  the  first  minute,  and  every  two  minutes;  also  the  temperature 
of  the  laboratory  as  shown  by  a  thermometer  in  a  carefully-chosen  place. 
This  temperature  to  be  maintained  as  nearly  constant  as  possible.  The 
setting  of  the  regulators  during  each  trial  to  be  recorded ;  also  the  pressure 
of  the  artificial  atmosphere,  and  that  in  the  supply  pipe  after  passing  the 
coil ;  and,  subsequently,  the  reading  of  the  thermometers  in  the  stuffing-box 
and  bearings  taken  every  five  minutes,  and  the  speed  gauge  every  two 
minutes.  The  observations  and  incidents  being  recorded  by  the  rules  in 
surveying,  in  ink,  in  a  book,  and  distinct  from  any  reductions.  The  initial 
and  final  reading  on  the  scales  and  counter  being  included,  as  were  also  the 
initial  and  final  readings  of  the  inlet  and  outlet  thermometers  and  speed 
gauge  for  the  purpose  of  determining  the  terminal  differences  of  the  heat 
in  the  brakes. 

As  it  was  impossible  to  make  trials  simultaneously,  and  so  secure  similar 
conditions  in  the  laboratory,  it  was  at  first  arranged  that  the  trials  should  be 
made  in  groups,  including  four  pairs  of  trials. 

The  regular  work  in  the  laboratory  monopolised  the  engines  and  brakes 
on  all  days  in  term  time,  except  Mondays  and  Thursdays,  so  that  the  trials 
were  confined  to  two  days  in  the  week.  There  was  a  certain  likelihood  of 
the  state  of  temperature  of  the  walls  and  objects  in  the  laboratory  being 
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Hy&teinatically  difffrt^iifc  on  the  Mondayn,  after  the  laboratory  had  Wn 
without  ateatii  all  Sunday,  from  what  it  would  be  ou  the  Thursday,  aftei 
the  ste^tn  had  been  on  for  three  days.  And  besidei*  thi**,  there  would  fie 
a  systematic  difference  in  the  temperature  of  afl  the  objecta  during  tk& 
firwt  trial  in  thij  day,  although  the  brake  had  been  running  for  aii  hi**ir 
before,  from  that  which  would  hold  in  the  following  trials.  In  the  first 
tu§tan<^,  therefore,  it  was  arranged  that  a  heAvy  and  a  light  tanul  ahouM 
be  made  on  the  same  day,  and  a  light  and  a  he^ivy  trinl  on  the  next  aTidUble 
day»  under  as  nearly  utmilar  eii'eumstaiices  as  possible,  except  for  the  ioreiidot) 
of  the  order.  Then  again*  a  light  and  a  heavy  trial  on  the  next  day,  followed 
by  a  heavy  and  a  light  on  the  following,  m  as  to  break  the  order  and  secure 
the  same  arrangement,  in  dajs  of  the  week  as  well  as  in  houm  of  the  day, 
for  the  four  light  trials  as  for  the  four  heavy  triak 

Ai^  the  results  of  any  group  of  four  pairs  of  trials  would  furnish  a 
tolerably  close  approximation  to  the  loss  of  heat  by  radiation,  assuming 
this  to  be  proportional  to  the  observed  mean  difference  of  t^mperamre 
between  the  laboratory  and  the  brake,  it  was  easy  to  obtain  an  approximate 
constant,  il,  for  radiation  for  each  degree  of  difference  of  temperatui*,  and 
, J9^  to  introduce  a  correction,  ^(jTa— r^),  i^  ^^'^'^  ^^^^^  ^^*^  the  radiation 
suiting  from  the  observed  mean  difference  of  tempemture  of  kboratery 
and  brake,  1\~T^, 

These  corrections  would   serve  two  purposes — ^firat,  affording  a  better 

comparison  of  the  results  of  the  separate  trials  for  ftiture  guidance,  and 
secondly,  by  recording  the  mean  difference  of  temperature,  would  show 
how  far  the  mean  differences  of  temperature  in  the  large  trials  had  differed 
from  those  in  the  small  trials,  and  thus  how  far  the  radiation  had  been 
eliminated. 

Lagging  the  Brakes, 

33.  In  order  to  obtain  still  more  definite  assurance  as  to  the  elimination, 
it  was  arranged  that  after  consistent  results  had  been  obtained  in  several 
groups  of  four  pairs  of  trials,  as  above,  with  the  brake  naked,  the  brake 
should  be  covered  with  non-conducting  material,  in  the  best  way  practicable, 
so  as  greatly  to  reduce  the  radiation,  at  the  same  time  leaving  it  definite, 
and  then  similar  trials  should  be  run. 

If  the  coefficient  of  radiation  could  in  this  way  be  reduced  to  one-fourth 
that  of  the  naked  brake,  such  error  as  there  might  be  remaining  in  the 
mean  results  with  the  naked  brake  would  be  reduced  to  one-fourth  with  the 
lagged  brake. 

In  this,  however,  there  was  danger  of  introducing  errors  of  other  kinds. 
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The  non-conducting  material  would  absorb  heat  slowly  and  take  a  long 
time  to  arrive  at  a  state  of  equilibrium,  and  during  the  interval  the  rate 
of  loss  of  heat  from  the  brake  would  be  irregular.  The  total  error  that 
could  result  from  this  cause  would  be  the  product  of  the  specific  heat  of 
the  material  used  multiplied  by  the  weight,  and  again  by  the  75°,  or  the 
half  of  whatever  was  the  difference  in  temperature  of  the  bnike  and  the 
air.  This  decided  the  choice  of  the  material  to  include  cotton-wool.  Two 
pounds  of  this  would,  if  not  too  tightly  pressed,  cover  the  brake  about 
IJ  inches  thick,  and  the  total  heat  it  would  absorb  would  be  less  than 
0*4  lb.  of  water  raised  from  32°  to  212°  Fahr.,  and  would  then  be  only 
00008  of  the  heat  generated  by  30  h.-p.  in  an  hour,  while  it  would  reduce 
the  radiation  to  about  f .  But  as  the  cotton-wool  would  gradually  collapse 
if  subjected  to  any  elastic  pressure,  it  was  decided  only  to  use  this  to  such 
thickness  as  it  could  be  protected  by  light  cotton  strings  extending  in  axial 
planes  round  the  brake,  and  to  prevent  absorption  of  moisture  by  the  cotton- 
wool, to  cover  it  with  thick  anti-rheumatic  flannel  about  1  inch  to  1^  inches 
in  thickness,  as  shown  in  Plate  5,  which  would  raise  the  capacity  for  heat 
of  the  entire  lagging  to  about  ^  that  of  the  heat  generated  in  the  small 
trials,  and  as  the  brake  was  kept  at  steady  temperature  for  about  one  hour 
or  more  before  the  trial  commenced,  the  actual  differences  would  not  exceed 
some  one  ten-thousandth  part. 


The  Conduction  by  the  Levers. 

This  lagging  only  extended  over  the  body  of  the  brake  covering  all  the 
brass-work,  leaving  the  levers  and  balance  weights  on  the  levers  bare. 

These  levers  being  in  metallic  contact  with  the  brass  of  the  brake  assumed 
at  these  points  the  temperature  of  the  brake,  and  would  conduct  the  heat 
along  to  the  balance  weights  till  it  was  lost  by  radiation.  As  the  temperatures 
were  constant  in  all  the  trials  this  loss  of  heat  would  merely  form  part  of 
the  radiation  and  be  eliminated  as  the  rest ;  but,  owing  to  the  masses  of  the 
balance  weights  and  the  length  of  the  levers,  it  must  take  a  long  time  for 
the  balance  weights  and  the  further  parts  of  the  levers  to  arrive  at  a  steady 
temperature,  a  fact  which  would  account  for  a  greater  loss  of  heat  in  the 
first  trial  made  in  the  day. 

In  order  to  obtain  assurance  that  this  delay  produced  no  error  it  was 
arranged  that  after  the  completion  of  the  series  of  trials  with  the  brakes 
lagged,  corresponding  to  that  with  the  naked  brakes,  that  the  balance 
weights  should  be  removed,  and  only  the  load  at  4  feet  from  the  brake 
left,  and  a  third  series  of  trials  made. 
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Starting  ami  Stopping  tft€  Triah. 


3i*  Having  aj(1(»pteti  au  hour  as  the  length  of  ea^h  trial,  and  300  revn- 
liition»  as  the  normal  upeod,  the  engines  having  been  run  Ding  for  an  hour 
previously,  while  the  water  entering  the  brake  was  being  adjusted,  and 
afterwards,  t^o  as  to  ensure  the  temperature,  not  only  of  the  brake,  but  uf 
the  surrounding  objects,  having  become  approximately  steaily  at  the  time 
of  Htarting  the  trial,  all  tliat  wa^  necessary  was  that  tlie  counter  i^houid  i»e 
pushed  into  the  gear,  and  at  the  same  time  the  water-swit^sh  pushed  over. 
and  the  reverse  operation  at  the  end  of  the  triah     Theae  operations,  simple 


Fig.  10. 


BB  they  were,  entailed  erroni,  which  aro«^  partly  from  the  imposeibiJitj  of 

infltantaneous  engagement  of  the  counter  simultane^iusly  with  the  switching 
of  the  water.  In  order  to  diminish  theiie  as  far  as  possible,  the  spindle 
of  a  counter,  on  which  was  the  worm  which  drove  the  worm  wheel,  was 
wrapped  with  a  spiral  spring  of  steel  wire,  which  gripped  the  spindle  so 
tight  that  it  would  not  slip,  the  end  of  the  wire  being  bent,  so  as  U)  form 
a  clutch  standing  off  the  shaft  halt-an-inch,  the  end  of  the  wire  being 
pointed,  the  shaft  of  the  counter  projecting  a  little  beyond  the  wire.  Facing 
the  end  of  this  shaft,  and  in  line  with  it,  was  a  socket  in  the  end  of  the 
engine  shaft,  which  was  brought  down  to  three-quarters  of  an  inch  diameter 
and  carried  two  round  pins,  a  sixteenth  of  an  inch  diameter,  standing  out 
radially,  the  engagement  being  effected  by  pushing  the  counter  forward  till 
the  wire  crank  engaged  on  one  of  the  pins.  (Owing  to  the  wire  being 
pointed  and  the  pins  rounded,  the  chance  of  the  wire  striking  plumb  on 
to  the  pin  and  so  preventing  engagement  was  reduced  to  a  minimum.) 

This  engagement  was  the  result  of  a  great  deal  of  experience,  and 
answered  perfectly,  but  it  involved  the  mean  chance  of  a  quarter  of  a 
revolution  of  the  engine-shaft  after  the  wire  had  passed  the  pin  before 
the  actual  engagement  was  effected,  whereas  on  coming  off  the  disengage- 
ment was  instantaneous,  the  counter  stopping  by  the  friction  of  the  w^orra 
before  the  momentum  had  carried  it  through  any  appreciable  angle. 

This  would  leave  a  mean  error  of  the  work  done  during  one-fourth  of 
a  revolution  on  each  trial,  whence,  the  number  of  revolutions  during  the 
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trial  being  18,000,  the  relative  mean  correction  would  be  one  seventy-two 
thousandth  part,  or  0000013.  As,  however,  when  the  two  operations  were 
executed  by  different  observers  on  a  signal,  the  personal  equations  might 
amount  to  more  than  this,  although  it  iuvolved  a  difficult  piece  of  linkage, 
an  automatic  connection  was  effected,  as  shown  in  Plate  3,  the  pushing  of 
the  counter  into  engagement  shifting  the  switch,  so  that  in  making  the 
trials  no  error  was  introduced. 


The  Leakage  of  Water, 

35.  As  the  loss  of  any  of  the  water,  which  had  entered  the  brake  before 
it  was  weighed,  would  constitute  a  corresponding  error  in  the  results,  the 
perfect  tightness,  not  only  of  all  the  fixed  joints,  but  of  the  casting  and 
the  pipes,  was  a  matter  of  first  consideration  and  of  continual  care.  This 
was  one  of  the  reasons  why  the  lagging  was  delayed  till  after  consistent 
results  had  been  obtained ;  for,  as  long  as  the  brake  and  pipes  were  naked, 
such  leakage  could  not  fail  to  be  observed  on  close  inspection,  and  before 
lagging  it  was  arranged  to  test  the  brake  and  pipes  to  an  excess  of  pressure, 
so  as  to  insure  perfect  soundness.  Besides  the  fixed  joints  there  were  only 
two  working  joints,  in  addition  to  the  openings  into  the  switch  and  again 
into  the  tank. 

(1)  The  working  joints  were:  The  stuffing-box  on  the  main  shaft  and 
the  stuffing-box  on  the  automatic  cock  on  the  outlet  from  the  brake. 

Any  leakage  from  these  was  open  to  observation  both  before  and  after 
lagging,  as  they  were  in  no  way  covered ;  and  arrangements  were  made  so 
that  such  leakage  could  be  separately  conducted  by  pipes  and  caught  in 
bottles.    With  care  such  leakage  could  be  reduced  to  insignificant  quantities. 

The  absolute  loss  of  heat  resulting  from  a  leakage  of  Wsb  lbs.  of  water 
from  the  stuffing-box  on  the  shaft  was  equal  to  the  product  of  the  difference 
of  temperature  of  the  stuffing-box  Tg^"",  and  inlet  (!r,°)  multiplied  by  Wsb* 

WsATs.B^ '  Tn. 

and  in  the  few  trials  in  which  this  became  a  sensible  quantity  it  was  to  be 
added  as  a  correction. 

The  Loss  of  Heat  by  the  Leakage  of  Water  from  the  Automatic  Cock. 

36.  This  was  the  product  of  (Wc\  the  weight  of  water  which  esci 
multiplied  by  the  total  rise  of  temperature.     Since  the  water  passio 
cock  was  on  its  way  to  the  high  temperature  thermometer,  where  ar 
water  was  caught  it  was  put  into  the  tank,  and  so  re 
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This  leakage  was  very  sDiall,  afc  mosi:  2  oz.  m  a  trial  but  as  there  must  W 
»oine  evaporation  as  the  water  e«cape*l  through  the  hot  gland,  which,  though 
small,  might  be  of  suinie  iuiportance  on  account  of  the  latent  heat  of 
evapomtion,  it  waa  desirable  in  »ome  way  to  enclo^ie  this  stuffing-box  in 
an  iudiarnblit'r  bag  cloying  on  the  spindle,  so  that  the  vapour  cuuld  nt>i 
escape,  and  ihm  was  eventually  aeeompIiMhed  very  effectively  and  neatly 
by  Mr  Fohter,  in  a  way  which  did  nut  interfere  at  all  with  the  free  actiwj 
of  the  c^Kjk  (Art,  14,  Part  IL).  ^ 

The  re,^ult  of  this,  benides  preventing  any  subsequent  loss  of  water.  In 
this  way,  was  to  show  that  any  error  that  hail  previously  existed  fnora 
evuporation  was  inappreciable. 


The  Ia»ss  of  Water  at  the  SwitcL 


4 


87*  Apart  from  evaporation,  which  would  result  from  the  expt>sure  to 
th«i  air,  and  in  passing  the  air  gap  into  the  switch,  there  was  no  loss,  as 
the  water  descended  almost  tangentially  on  to  the  surface  of  the  tube  on 
the  switch  which  received  it,  the  switch  itself  being  a  vertical  knife-edge 
extension  of  this  surface,  which  passed  through  the  vertically  device ndiug 
water  at  starting  and  stopping;  and  further,  to  prevent  any  minute  dn>ps 
of  water  going  astray  from  the  bui-stiug  of  an  <x*casional  bubble  in  ijassiog, 
a  sheet  brass  hood  was  placed  round  the  descending  pipe  directly  the  trial 
started. 

The  outside  of  the  weighing  tank  is  completely  exposed  to  observation, 
and  is  perfectly  tight.  The  valve  in  the  bottom,  being  a  4-inch  leather- 
faced  screw- valve  on  a  brass  seat,  is  also  tight,  but  for  satisfaction  it  was 
arranged  to  place  a  clean  tin  dish  under  the  valve  before  starting  a  trial, 
and  only  to  remove  it  after  the  water  was  weighed,  so  that  there  should 
be  absolutely  no  loss  of  water  from  any  of  these  causes. 

That  there  must  be  some  loss  of  w^ater  by  evaporation  to  the  air  as  long 
as  the  temperature  of  the  water,  after  leaving  the  condenser,  was  above  that 
of  the  dew-point  of  the  surrounding  air,  was  certain.  By  using  sufficient 
cooling  water  it  would  be  possible  to  bring  the  temperature  down  to  that 
of  the  dew-point;  but  it  was  found  that  this  could  not  be  done  under  all 
circumstances  without  a  larger  condenser,  for  which  room  was  wanting,  and, 
as  long  as  the  water  lost  by  evaporation  was  the  same  in  both  trials,  all 
error  would  be  eliminated  in  the  difference  of  the  large  and  small  trials. 
After  careful  consideration,  it  was  arranged  that  the  condensing  water 
should  be  adjusted  so  that  the  water  in  all  trials  entered  the  tank  at  a 
temperature  as  nearly  as  possible  HS"" ;  it  being  probable,  as  the  surface 
exposed  to  the  air  was  nearly  the  same  in  the  large  and  small  trials,  if  the 
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differences  in  temperature  between  the  air  and  the  water  were  the  same,  the 
evaporation  would  be  the  same,  or  would  at  least  differ  by  a  constant 
amount.  In  order  to  test  this,  it  was  further  arranged  that,  after  the  trials 
were  finished,  the  centrifugal  pump  should  be  temporarily  re-arranged  so  that 
it  could  be  used  to  draw  water  out  of  the  tank  and  force  it  round  through 
the  condenser  and  switch,  and  so  back  again  into  the  tank  at  rates  cor- 
responding to  those  of  the  large  and  small  trials,  and  at  the  same  temperature 
(85°),  the  water  in  the  tank  being  at  this  temperature,  the  arrangement  of 
the  pump  being  such  that,  when  stopped,  all  the  water  in  the  pipes  would 
run  back  again  into  the  tank.  This  would  practically  insure  the  same  loss 
of  water  by  evaporation  during  one  hours  pumping  as  during  one  hours 
trials,  and  any  difference  (w.)  thus  established  between  the  large  and  small 
trials  would  then  be  treated  as  a  standing  correction  on  the  difference  of 
the  heavy  and  light  trials.  This  relative  correction,  taking  W  as  the  mean 
difference  of  water  in  the  heavy  and  light  trials,  would  be 

W 

The  Standards  of  Measurement. 

38.  In  these  experiments  the  expressions  obtained  for  the  work  done 
in  heating  the  water  and  the  heat  generated  are,  respectively, 

lirN.RWi  and  SW^iT^-T,""), 

where  R,  W,  T",  S  are  respectively  length,  weight,  temperature,  and  capacity 
for  heat. 

Since  these  expressions  both  represent  the  same  absolute  quantity  of 
energy,  the  difference  in  the  numerical  values  of  these  expressions  results 
only  from  the  difference  in  the  units  in  the  two  expressions.  These  units 
may  be  considered  as  the  unit  of  work  and  the  unit  of  heat  respectively, 
as  it  is  the  inverse  ratio  of  these  units,  measured  in  absolute  quantities  of 
energy,  that  is  expressed  by  the  ratio  obtained  from 

SW^(T,-T,y 

But,  as  there  are  no  actual  standards  either  of  work  or  heat  with  which 
quantities  of  work  and  heat  can  be  respectively  compared  by  a  simple 
measurement,  such  comparisons  can  only  be  accomplished  by  the  comparison 
of  the  several  factors  involved  in  each  of  these  expressions  with  the  several 
absolute  standards  which  exist  for  such  factors. 

These  standards  are  the  standards  of  mass,  length,  and  force,  on  the  one 
hand,  and  of  mass,  quality  of  matter,  and  temperature,  on  the  other. 
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166 


Thus,  wt»rk  being  (JcHned  im  the  mean  protliict  of  force  multiplied  by  ihf 
distance,  ond  the  ^tiiiKUird  of  farce  being  the  force  of  gravitation  on  the  uiiit 
of  mass  wherever  it  occurs,  the  work  m  represented  by  W .  A,  wheie  W 
expresses  the  niimbt-r  of  uiiita  of  maKs,  and  ft  the  number  of  luiits  of  length 
thnnigh  which  it  has  bee ti  raised.  Taking  (M)  and  (Z)  as  expressing  them 
unit^i  the  unit  of  work  la  expreajaed  us  (ML). 


Again,  the  unit  of  heat  k  defined  to  be  one  nth  part  of  that  quantti 
which  iw  re*|ii!i*ed  to  raise  one  unit  uf  iwisty  (M)  of  a  standard  ^iibstance  (pure 
water)  fmni  one  defiuite  utate  of  temperature  to  another  definite  i§tate-  And 
calling  this  interval  6,  the  unit  of  temperature  is  defined  t-o  be  0/n.  Aoil, 
talking  *S*  to  expi'es8  the  rati**  o(  the  number  of  units  of  heat  requirt?d  to  rmm 
W^  units  of  ma.Nfi  of  matter  from  7^°  to  T/  compared  with  W^  (T/  -  Ti^),  th^ 

heat  exprt^ased  by  SW^{T.,-T,)  is  in  units  (M-\. 


It?" 


J 


So  that,  from  the  physic^*!  equivalence  of  the  absolute  eiier^*  ©: 
in  the  rospeciive  forms,  it  appeal^  that  the    unit   of  heat    a^*  defin^  by 

fjl/     J  is  equivalent  to 


%£W  ~/T  ~  'p~\  "^^*®  ^f  work  ft8  defined  by  (ML), 


J 


or  thfit  the  h«it  reijuircH  U>  mi'sc  one  unit  of  mass  of  pure  water  through  the 
definite  interval  of  temperature  6  is  e(|nivalent  to 


2'rrJVR  IV 


units  of  work  (ML). 


This  is  the  definition  of  the  mechanical  equivalent  of  heat  in  Manchester, 
adopted  by  Joule,  if  n  =  1,  and  0  is  1"  Fahr.  between  50  and  GO,  as  deter- 
mined on  his  thermometer.  But,  since  the  absolute  kinetic  value  of  the  unit 
of  force  as  here  defined  varies  with  the  latitude  and  height  of  the  place, 
while  that  of  the  unit  of  heat  is  constant,  this  mechanical  equivalent  varies 
from  place  to  place  with  l/(/,  where  g  is  the  expression,  in  kinetic  units,  for 
the  unit  of  force  (M). 

Thus,  expressing  the  work  in  kinetic  units,  the  unit  of  heat,  as  already 
defined,  is  equivalent  to 


27rNRW 


'^  SW^(1\-1\) 


=  C, 


where  the  dimensions  of  C  are  {L^T~'n0  ^). 
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Whence,  since  g  has  dimension  {Ur~% 

2'jrNRW     _C 

where  the  dimensions  of  C/g  are  (LnO^^). 

The  object  in  this  research  being  to  replace  the  standard  of  temperature, 
as  defined  by  the  scale  on  a  particular  thermometer,  by  the  standard  obtained 
from  the  states  physically  defined  by  melting  ice  and  by  water  boiling  under 
a  standard  pressure,  0  is  here  defined  to  express  this  interval,  and  S  is,  in 
accordance  with  the  definition  already  given,  used  to  express  the  ratio  which 
the  heat  required  to  raise  unit  mass  over  any  interval,  per  degree  of  rise, 
bears  to  that  required  to  raise  pure  water  over  the  interval  ^,  per  degree 
of  rise. 

The  Standards  Involved. 

39.  It  appears  from  the  dimensions  of  C/g,  as  obtained  in  the  last 
article,  that  the  only  general  standards  to  which  reference  need  be  made 
are  those  of  length  and  temperature. 

It  is,  however,  to  be  noticed  that  the  detennination  of  the  work  and 
the  heat  involve  the  determination  of  separate  masses,  and  that  the  units 
only  disappear  on  the  condition  that  they  are  equal. 


The  Measurement  of  Mass. 

40.  Since  it  was  not  necessary  to  refer  the  mass  to  a  general  standard, 
the  weights  used  were  only  referred  to  a  Board  of  Trade  standard  for 
convenience. 

Thirteen  of  the  25  lb.  weights  used  for  loading  the  brake  were  adjusted 
to  the  Board  of  Trade  weight,  then  carefully  balanced  against  each  other,  till, 
balanced  in  groups  of  four  in  any  arrangement,  there  was  less  than  0  01  lb. 
difference.     Four  of  these  weights  were  then  taken  as  the  standard. 

The  compound  lever  machine,  which  had  two  scales  on  the  same  lever, 
one  notched  to  each  100  lbs.  for  the  position  of  the  large  rider,  the  other  with 
a  flat  scale  for  every  1  lb.  for  the  position  of  the  small  rider,  was  taken 
to  pieces  and  the  knife  edges  re-ground  and  re-set  (by  Mr  Foster)  till  con- 
sistent results  were  obtained  to  the  one-hundredth  of  1  lb.  Another  rider  was 
made  to  work  on  the  same  scale  as  the  small  rider,  being  adjusted  to  one- 
hundredth  of  the  weight,  so  as  to  read  0*01  lb. 

O.  R.    II.  41 


n42 


ON   THK    MECHANICAL   EQOIVALENT  Op    HEAT. 


The  tf^cales  won*  thf^i)  caiTfiilly  surveyed  bj  the  standanl  100  lb,  wdght, 
the  original  small  filler  btnug  adjuisted  till  tht?  diflfereHce  bfjtween  its  extrecnt 
positions  on  the  mixle  balanced  the  standard  to  <  O'Ol  Ib.^  and  the  cor- 
rections tor  each  V-ntttch  into  which  the  feather  on  the  large  rider  fittefl 
micertainf.Hl  l)y  Wilaueing  the  standard  to  a  like  degree  of  accumcy. 

The  tleiwl  load  on  the  scales,  including  the  empty  tank,  came  U^  340  Iba. 
akait,  and  betwtntn  thisi  and  ^200  lbs.  the  scales  wonld  weigh  any  qnautily 
with  the  lever  swinging  to  0  01  lb.  M 

The  weights  to  which  the  wcah^s  had  been  adjiist4?<l  were  then  exehisivety" 
iiHctl  on  the  brake.  Thus  the  brake  was  balanced  by  the  ^arae  weights  aa 
wen!  UKftd  as  the  standani  in  weighing  the  water,  with  a  sensitiveness  which 
giivo  the  error  \^m  than  one  forty^fchouj^andth  i>art  of  the  weight  of  water  hi 
th«'  Bniallest  trials,  while  the  casual  error,  which  would  not  e3ccee<i  this  in 
a  single  weighing,  wonld  be  eliminated  in  the  mean  of  a  large  number  of 
weighiijga     'I'hus  the  relative  limits  of  error  in  weighing  would  nut  exceed 


000025. 
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The  CotTectnm  for  the   Weight  of  the  Atmo^plm^e, 

4K  The  balances  being  nisule  in  air,  it  is  necessary  to  add  the  weight  of 
air  displacerl  in  each  caHe.  ■ 

As  the  relative  weights  only  are  concemefl,  if  D^  is  the  weight  of  a  nnit 
volume  of  air,  D^p  that  of  water,  and  /)/  that  of  cnst-iron,  the  weight*^  in  air 
of  unit  masses  are  : — 

1  -  DajDu^ for  water, 

1—Da/Di   for  ctxst-iron. 

The  load  on  the  brake  is  therefore  subject  to  the  correction  expressed  by 
the  factor  (I  —Da/Di),  while  that  of  the  water  balanced  against  cast-irun 
weights,  hiis  the  correction  factor 

I  -Dal Pi 

and  the  relative  correction  for  the  actual  weight  of  water,  as  against  thi*  luiui 
on  the  brake  in  air,  is 

1      (l  —  r^"  j  or  approximately  1  +  ,"  , 

for  the  temperature  67"  Fahr.,  /)«  =  00752,  i>,,=  (;24.. 

Hence,  the  relative  correction  fiictor  for  the  equivalent  is 

(I  -0  001205). 
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The  Correction  for  g  in  Latitude  of  Greemvich  and  45°. 

42.  Since  the  latitude  of  Manchester  is  53°  29',  Greenwich  51°  20',  the 
value  of  g  being  {Mimoires  sur  le  Pendule,  Soc.  Fran9aise  de  Physique) 

^^go(l  - 000259 cos  2\)  =  g^^^(l  +  00007558)  at  Manchester, 

=  g^^od  +  00005814)  at  Greenwich, 

whence  the  correction  factor  is (1  -h  00001746)  at  Greenwich, 

and  for  45°  (1  +00007558). 

The  Specific  Heat  of  the   Water. 

The  standard  capacity  for  heat  being  that  of  distilled  water,  the  obvious 
course  would  have  been  to  have  used  distilU^d  water  in  the  trials,  had  this 
been  practicable;  but  as  it  was  apparent  from  the  first  that  the  quantity  of 
water  which  would  have  to  pass  through  the  brakes  during  the  trials  would 
amount  to  some  20,000  gallons,  or,  say,  100  tons,  ail  of  which  would  have  to 
be  brought  down  to  a  temperature  of  32"  Fahr. ;  and  that  to  do  this, 
using  distilled  water,  whether  or  not  the  water  wivs  used  over  again,  the 
necessary  appliances  for  producing,  storing  and  cooling  the  water,  were 
impracticable  in  the  laboratory,  the  last  40°  must  be  removed  with  ice,  and 
this  would  require  some  25  or  30  tons  of  ice.  While  using  the  town's  water 
direct  from  the  main,  the  average  tempemture,  from  February  to  June,  would 
not  exceed  45°,  so  that  only  12°  or  13"  would  have  to  be  removed  by  ice, 
which  would  require  from  7  to  10  tons,  with  no  appliances  except  the  relatively 
small  appliance  for  cooling. 

The  only  practical  course,  therefore,  was  to  use  the  town's  water.  And 
had  it  not  been  for  the  known  purity  of  this,  the  research  would  never  have 
been  undertaken. 

As  affording  definite  assurance  of  the  consistent  purity  of  this  water,  as 
delivered  in  the  college.  Professor  Dixon  kindly  undertook  to  furnish  the 
mean  results  of  the  analyses  which  he  makes  periodically  for  the  Manchester 
Corporation,  of  the  water  drawn  from  the  supply  in  the  college.  These  show 
that  the  impurities  are  almost  negligible,  and  taking  0*2  as  the  specific  heat 
of  the  salts,  the  relative  correction  is  0*8s,  where  8  is  the  relative  weight  of 
the  salts. 
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The  Effect  of  Air  in  the  Water. 

43»     Evon  disfcilled  wattT  contairii*  air   unless  special  precaiitjoiis 
taken  f«»r  it^  remDval ;  m  that  any  t-fi'eet  mich  air  may  hava  on  the  capacitj 
for   heat   ba   nieaj«iire<]    would    not    have   been    avoided    by    using   dbtilk-tft 

wator. 

The  direct  effect  of  iht^  sau>tj  0  00323  per  cent  of  air  which  water 
exposeij  to  the  atniot^phore  U9«iu filly  contains  at  normal  temperatures,  is  so 
small  an  to  be  altogether  n<.^gligibl(\  aiiil  it  would  seem  to  be  an  ^peo 
tpieation  whether  the  fttfindani  condition  of  wiiter,  as  regards  the  capadty 
for  hf*at,  dof!H  not  involve  the  inchmion  of  this  air.  But  the  indirect  effect 
of  such  air  on  the  heat  neces^iarj"  to  raise  wakT  fTOni  normal  temperatures  to 
near  the  boiling-point,  ia  by  no  means  negligible. 

It  does  not  appear  that  any  definite  ^tinly  has  hitherto  been  made  of  this 
effect;  but  it  in  a  matter  of  common  observation  that  as  wat-er  reach^ 
a  temperature  8t>me  40'  Fahr.  below  the  boiling-point,  bubbles  appear  on  the 
sides  and  btittom  of  the  vessel,  which  gradnatly  increaijse  in  size  and  rii;e  to 
the  surface,  increasing  rapidly  in  size  a.s  the}  rine.  The  bubbles  arc  nsfially 
referred  to  m  bubbles  of  gas  or  air.  But,  a  moment  s  consideration  will  :^ha«M 
that,  although  the  air  or  pan  is  the  immediate  cause  of  the  f>rematiin* 
formation  and  subaequent  (.expansion  of  the  bubble,  it  ia  none  the  less  certain 
that  the  space  occupied  by  the  bubble  In  filled  with  gatumted  »team  at  thf 
temperature  of  the  waler,  the  fu  net  it  in  of  the  air  being  merely  that  I'f 
balancing  the  excess  of  pressure  of  the  surrounding  water  over  the  pressure 
of  the  saturated  steam. 

It  thus  appears  that  every  bubble  so  formed  represents  a  quantity  of 
heat,  which  is  the  latent  heat  of  the  volume  of  the  saturated  steam  in 
the  bubble,  over  and  above  the  heat  of  the  weight  of  water  in  this  steam. 

Thus,  if  bubbles  of  air  exist  in  water  at  a  temperature  of  212°  Fahr.,  the 
weight  of  air  per  lb.  of  water  being  a,  and  p  the  pressure  of  the  water  in 
inches  of  mercury,  then,  since  the  pressure  of  the  air  is  p  —  80,  and  the 
volume  of  1  lb.  of  air  at  212''  Fahr.  under  80  inches  of  mercury  is 
16'9  cubic  feet,  the  volume  of  air  per  lb.  of  water  is 

,,    16-9x30 
^'=  ^330    ^  "^ 

or,  if  p  =  40,  V=  507  x  a. 

This  is  the  volume,  in  cubic  feet,  of  saturated  steam  at  212°  ;  whence, 
since  the  latent  heat  per  cubic  foot  is  366  at  212"^,  the  excess  of  heat  will  be 
per  lb.  of  water 

Vx  :^.n-6=  1855  X  a, 
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and  this,  divided  by  180",  gives  a  relative  error 

10-31  X  a. 
If  a  =  00000323,  the  error  is 

000033,  or  0033  per  cent. 

The  water,  after  being  exposed  to  the  atmosphere  in  the  service  reservoir, 
where  it  discharges  any  excess  of  air,  enters  the  brake  cold  with  this  normal 
air,  there  it  is  heated  by  work,  under  the  pressure  of  the  artificial  atmosphere 
at  pressure  jo,  to  maintain  which  it  parts  with  some  of  the  air,  which,  in 
passing  out  into  the  flexible  pipe,  carries  out  saturated  steam,  which  is 
condensed  by  radiation  from  the  pipe.  The  water,  with  the  remainder  of 
the  air,  is  then  carried  by  the  centrifugal  pressure  into  the  outer  chamber 
in  the  brake  Ciuse,  under  a  pressure  of  about  50  inches  of  mercury.  It  then 
passes  the  automatic  cock,  into  the  flexible  pipe,  at  41  inches  pressure, 
thence  rising  to  the  thermometer  bulbs  at  40  inches.  In  passing  the 
automatic  cock  with  a  difference  of  pressure  of  9  inches,  the  pressure  will 
be  further  reduced,  probably  9  inches  below  that  in  the  pipe,  so  that  any  air 
that  might  have  been  retained  would  come  out  at  that  point,  and  expand 
further  as  it  approached  the  thermometer  bulb. 

In  the  first  instance,  it  was  thought  that  a  pressure  of  5  feet  of  water 
would  prevent  the  formation  of  bubbles,  and  the  air  gap  in  the  pipe  leading 
from  the  condenser  was  placed  at  this  height  above  the  thermometer.  But 
many,  and  sometimes  large,  bubbles  of  air  were  observed  passing  up  the 
thermometer  chamber;  and  Mr  Moorby  observed  that  he  could  detect  the 
passage  of  a  large  bubble  by  a  fall  in  the  thermometer  before  the  bubble 
appeared  in  the  glass  chamber. 

To  prevent  this,  the  air-gap  was  raised  till  it  was  12  feet  above  the 
thermometer  bulb ;  so  that  the  error  is  limited  to  three  ten-thousandths.  Even 
so,  as  it  is  much  larger  than  any  of  the  errors  of  constant  sign,  it  was 
important  to  try,  by  assimilating  the  conditions  under  which  the  water  leaves 
the  brake,  to  obtain  experimental  evidence  which  would  narrow  the  limits. 

It  may  appear  at  first  sight  as  though  these  losses  from  the  air  in  the 
water  would,  like  the  radiation,  be  eliminated  in  the  difference  of  the  large 
and  small  trials,  but  this  is  not  so,  since  the  quantity  of  heat  so  lost  is 
proportional  to  the  amount  of  water  used,  or  it  may  be  greater  in  the  heavy 
trials. 

The  Standard  of  Length. 

44.     The  measures  of  length  that  the  research  involves  are — 

(1)  The  horizontal  distance  of  the  centres  of  gravity  of  the  adjustable 
loads  on  the  brake  fi'om  the  axis  of  the  shaft. 


(2)  The  mrim\\  hvightM  of  the  baroDiitcr  at  which  the  bc>iliug-pi»mi*of 
the  water  were  dtitormiu*5ii. 

In  ortler  to  m}enw  a  tlofiiiito  reference  f^f  thoHo  trj  thu  British  staiKknl, 
recoura*    was   hml   in   two   carefully-pruik^rvbd    and    indepoydeut    meai«iii^^ 
derived  frtitn  this  Htandar<i  4^1 

(1)  A  ttct  ofgangoji*  by  Sir  Joseph  Whit  worth  and  Co*,  e*>im«ting  of 
three  steel  bars*.  9,  H  txnd  H  intrhen  I'espeetively*  with  pamlkl  plane  ends  |  inch 
ill  diameter,  tuiapted  t*i  u  20,000th  of  an  ioch  rnosxsuriug  machine,  whick 
eoti«titute  the  i^tuiiilardy  imed  in  the  engineering  labt>ratory. 

(2)  A  bm^  bar  by  Elliott  and  Co.,  30  inches  long,  aiMl  gnidiiated  in 
inches,  uml  m  the  t^tiuidanl  in  the  physical  department  iu  Owens  Cbltega    M 

Frmn  t/ie  Whihrnrth  tjtmtfm,  two  fiteel  bars,  j  inch  in  diameter  and  0  inches 
lung,  with  paralh-l  plane  endn,  wero  made  by  Mr  tWier,  and  cDnjimr-e^l  with 
the  9- inch  Whitworth  bar  by  the  nieaBuring  niaehine. 

With  these  and  the  WhitwoHh  gangua,  placed  end  U>  oiid,  lUi  ouU*i(le 
gft\ige  cons^isting  of  two  .surfaced  anglt^-platea  on  a  surfaced  ai«t-imn  W 
wa8  set  ont,  and  then  a  nteel  bar  J  inch  in  diameter  with  plane  end*  fitted 
to  these,  Carefid  ajnipaj- 1,^^)0  t^htiwed  that  this  bar  tlid  not  differ  from  the 
snm  of  the  lengths  of  the  gauges  by  ^.jl^^/g  parts  of  an  inch.  This  length 
wa8  then  carefnlly  laid  ofif  by  the  amfaced  angle  plates  on  th©  erirfaco  plate, 
and  was  so  coio}ian/il  with  the  scjile  of  the  Elliott  brass  bar,  account  being 
taken  of  the  temperature,  and  found  to  agree  within  less  than  yjy^oo  '>^  '^^ 
inch. 

The  30-inch  bar  so  obtained  was  then  taken  ;is  the  standaixi  both  for  tho 
levers  of  the  brake  and  the  barometer,  to  be  carefully  preserved. 

Lengtlis  of  the  Levers. 

45.  The  V-groove,  in  which  the  knife-edge  of  the  carrier,  by  which  the 
load  on  the  brake  wjui  suspended,  rested,  was  originally  made  at  a  distance 
of  four  feet  from  the  axis  of  the  shaft  at  ordinary  temperatures,  and  iis. 
whatever  the  error  might  be  when  the  brakes  were  hot,  it  would  be  the 
same  for  all  the  trials,  since  the  temperatures  were  the  same,  it  was  decided 
to  take  this  as  the  length  of  the  levers  in  estimating  the  loads  during 
the  progress  of  the  research,  and  to  treat  whatever  error  there  might  Ix* 
as  a  standing  correction  on  the  final  results.  Such  correction  to  be  obtainetl 
by  laying  off  four  feet,  less  the  radius  of  the  shaft,  from  the  carefully  square<l 
end  of  a  steel  plate  3  inches  broad  and  ^\  inch  thick,  then  placing  this,  flat, 
in  a  vertical  plane  peri)endicular  to  the  shaft,  with  its  edge  horizontiil,  a^ 
near  as  practicable  to  the  knife-edge  groove  with  the  squared  end   touching 
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the  shaft.  Then  by  means  of  a  theodolite,  set  so  that  its  line  of  collimation 
was  in  a  vertical  plane  parallel  to  the  axis  of  the  shaft,  and  intersecting  the 
vertical  line  on  the  plate,  to  observe  the  distance  of  the  groove  from  the 
line  on  the  plate,  while  the  brake  was  running  under  the  same  conditions 
of  temperature,  and  load  as  in  the  trials ;  but  with  the  carrier  temporarily 
displaced  further  along  the  shaft,  so  as  to  leave  the  bottom  of  the  V -groove 
visible  through  the  theodolite,  and  in  this  way  to  obtain  the  actual  distance 
of  the  groove  from  the  axis  of  the  shaft,  as  affected  by  the  expansion  of  the 
brake,  and  any  displacement  of  the  bearing  on  the  shaft  which  might  result 
from  the  running. 

By  using  a  scale  divided  to  the  one-hundredth  of  an  inch,  and  taking 
several  readings,  this  could  be  determined  to  a  thousandth  of  an  inch,  so 
that  the  limits  of  accuracy  would  be 

+  000002. 


The  Standard  of  Temperature, 

46.  As  the  most  general  standard  is  the  difference  between  the  two 
physically  fixed  points  of  temperature,  corresponding  to  the  temperature 
of  ice  melting  under  the  pressure  of  the  atmosphere,  and  that  of  water 
boiling  under  a  pressure  corresponding  to  760  millims.  of  ice-cold  mercury 
in  the  latitude  of  45°,  taking  account  of  the  variation  of  g,  the  standard  in 
Manchester  is  the  interval  between  melting  ice  and  water  boiling  under  a 
pressure  of  760  x  1'0001721  millim.  of  ice-cold  mercury,  which  corresponds 
to  29*899  inches.     And  this  interval  divided  by  180  is  one  degree  Fahr. 

According  to  Regnault's  tables,  a  divergence  of  one  thousandth  of  an 
inch  from  the  boiling  point  would  correspond  to  an  enor  of  0*0017°  Fahr., 
and  this  would  be  less  than  the  one-hundred-thousandth  part  of  180°. 

In  order  to  obtain  this  degree  of  accuracy  in  comparing  the  pressure  of 
the  vapour  of  pure  water,  in  which  thermometers  could  be  placed,  with  the 
height  of  mercury  over  a  range  of  two  or  three  degrees  above,  and  two  or 
three  below  the  point,  at  almost  any  time,  irrespective  of  what  might  be 
the  actual  pressure  of  the  atmosphere,  it  was  necessary  that  the  barometer, 
or  pressure  gauge,  while  in  free  communication  with  the  vapour  chamber, 
should  be  shut  off"  from  the  atmosphere,  and  at  the  same  time  so  far 
removed,  that  the  temperature  of  the  mercury  should  not  be  affected  by 
the  heat  from  the  gas  or  boiling  water.  And,  further,  although  in  direct 
communication  with  the  vapour,  this  must  be  such  that  no  moisture  could 
reach  the  mercury ;  and,  such  as  involved  no  current  in  the  passages  which 
might  affect  the  relative  pressures,  as  would  result  by  the  interposition  of 
a  condensing  vessel. 
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It  was  also  iieeey»ary  that  the  arrangenietits  for  reiuling^  the  verii«J 
dktftnces  between  the  upper  and  luwer  surfaces  of  the  tucrciify  should  ni*t 
only  give  absolute  differences  of  height,  but  al»t>  that  they  Bhould  ^Smi 
ready  lucaua  of  at  any  time  detr?nniniiig  the  presence  of  vapour  or  gw^ 
other  than  that  of  mercury,  in  the  upper  limb  of  the  bjironoeter. 


The  Haronwt&n 


i  i«fii«^^ 


47.     To  meet  these  rerpiiremeutw,  the  barometer  Hhovvn    (Plati'  K)   whi' 
designed.     The  vessel  which  holds  the  mercury  c<>nsiist«  of  a   bottle-slia|H^i 
casting  of  iron,  3  inches  in  diameter.     Through  a  stuftiog-lKJX   in  the  Deek 
of  this,  the  &*tem  of  the  barometer  tube  jKUfseii,     Tfi  mlrnit   nf  reathng  the 
level  of  the  surface  of   the  mei-cury  in  the  bottle,  two  parallel   plate-glaa    j 
windows  are  arranged.  |  inch  diameter^  having  their  axi«  f  inch  bom  th^| 
axis  of  the  Imttle.     Thewe  are  sunk  into  the  easting  so  as  to  leave  the  out^r 
cylindrical  siirtaco  of  the  bottle  clear,  the  joints  between  the  gla^  and  tbte^ 
caHt-iron  being  faced  and  made  tight  with  a  truce  of  beeswax »  the   otbedf 
openings  into   the  bottle   being  one  for  the  adniisaion   and   absti-at^tion  uf 
mercury*  fitted  with  a  screwed  valve,  and  one  for  the  jidmisst<m  of  air,  witly 
a  mouthpiece  for  the  attachment  of  a  tube  !n>nj  the  vapour  chamben 


The  glttj^  stem  of  the  barometer  is  drawn  down  into  a  neck  toward.^ 
lower  end,  »titl  this  is  bent  through  180'^^  so  as  to  bring  the  mouth  upwi 

aud  thus  admit  o\'  it;^  iritroducti*jn  into  the  meruury  in  the  br)ttle  without 
letting  in  air.  Tliis  bend  has  to  be  passed  through  the  stuffing-box,  theu 
the  tube  is  secured  by  screwing  the  gland  on  to  the  beeswax  stopping.  A 
brass  guard  tube  is  then  screwed  into  the  neck,  to  support  the  ghiss  tuk', 
to  a  height  of  24  inches  from  the  mercury  in  the  vessel. 

For  reading  the  height  of  the  lower  limb,  a  cylindriciU  bnu>s  curtain, 
with  a  conical  contraction  on  the  toj),  the  aperture  in  which  is  thi-eade«i 
internally  at  twenty  threads  to  an  inch  to  correspond  to  the  screw  on  the 
outside  of  the  neck  of  the  bottle,  is  screwed  on  to  this  neck,  the  lip  or 
bottom  of  the  curtain  being  truly  turned  so  that,  when  screwed  down  to 
the  level  of  the  mercury,  it  cuts  off  the  light  through  the  windows  from 
a  white  sheet  beliind. 

To  the  top  of  the  bra^s  casting,  which  forms  the  curtain,  a  bra^>s  cylin- 
drical tube  is  rigidly  attached  coaxial  with  the  curtain  which  fits  over  the 
brass  guard  round  the  barometer  tube,  this  extends  to  a  height  of  26  inches 
from  the  lower  lip,  the  inteinal  diameter  for  the  last  inch  being  a  little 
smaller  and  internally  screwed  at  twenty  threads  to  an  inch.  Into  this  is 
screwed  a  bravss  tube,  externally  screwed  throughout  its  length,  about 
6  inches  long,  with  parallel  opposite  slots  ^  inch  wide  extending  to   within 
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au  inch  at  either  end,  to  ft»rin  windows  through  which  to  see  the  light 
over  the  upper  limb  of  the  mercury.  And  on  to  the  upper  portion  of  this 
tube  there  is  screwed  a  long  cap.  capable  of  screwing  down  to  the  bottom 
of  the  slot.  The  lower  lip  of  this  cap  forms  the  curtain  which  cuts  off  the 
light  when  the  lip  is  level  with  the  upper  limb  of  the  mercury. 

By  this  arrangement  the  variation  of  the  distance  between  the  lips  of 
the  lower  and  the  upper  curtains  depends  only  on  the  change  in  their 
i-elative  angular  positions.  For,  since  the  slotted  tube  haa  a  uniform  thread, 
it  can  be  turned,  screwing  into  the  lower  curtain  and  out  of  the  upper,  both 
of  which  remain  unmoved.  Thus  the  position  of  the  windows  may  be 
fixed,  while  the  curtains  are  moved.  So  that  for  reading  the  distances  it 
is  only  necessary  to  measure  the  relative  angle. 

This  angle  is  measured  by  dividing  the  circumference  of  the  c^ip  just 
above  the  lip  into  five  equal  divisions,  from  0  to  5,  and  these  again  into  ten, 
then  a  turn  through  one  of  the  smaller  divisions  means  an  alteration  in  the 
<listance  of  one-fiftieth  of  one-twentieth  of  an  inch.  As  this  angle  is 
measured  relatively  to  the  lower  curtain,  a  vertical  brass  scale,  divided  to 
tenths  and  twentieths  of  an  inch,  is  fixed  externally  to  the  top  of  the 
extension  of  the  lower  curtain,  extending  vertically  just  outside  the  gi-adu- 
ated  limb  of  the  upper  curtain,  and  thus  serves  for  reading  the  angular 
distance  of  the  index  mark  on  the  limb  of  the  upper  curtain,  on  any 
particular  thread,  and  the  number  of  threads  from  the  index  on  the  scale. 


The  Adjustment  of  the  Indices  on  the  Barometer. 

48.  The  lower  curtain,  together  with  the  slotted  tube  and  cap,  is  un- 
screwed from  the  neck  of  the  cast-iron  bottle  and  lifted  off  over  the  tube. 
Then  the  30-inch  standard  bar  is  set  on  end  upright  on  a  surface  plate,  and 
the  lower  curtain,  &c.,  are  lowered  over  the  bar  until  the  lower  lip  of  the 
curtain  rests  on  the  surface  plate,  and  the  top  of  tlie  bar  is  30  inches  from 
this  lip.  The  cap  is  then  screwed  down  until  light  is  seen  over  the  top  of 
the  bar  through  the  slot  just  cut  off.  Then  a  vertical  line  drawn  on  the 
c^p  just  above  the  lip,  at  the  edge  of  the  scale,  is  the  index  on  the  cap, 
and  a  horizontal  line,  drawn  on  the  scale  level  with  the  lip  of  the  cap,  is 
the  index  point  on  the  scale.  And,  when  these  two  lines  are  brought  into 
this  position,  the  distance  between  the  lips  will  equal  the  length  of  the  bar. 

In  order  to  check  this  the  curtain  is  raised,  and  two  thin  pieces  of 
chemical  paper  are  placed  on  the  surface  plate,  one  on  each  side  of  the  bar, 
so  as  to  leave  a  space  between  the  paper  and  the  bar.  Then  the  curtain  is 
replaced  so  that  it  rests  on  the  paper,  and  light  can  be  seen  through  the 
interval  between  the  paper  and  the  bar.     Then  light  should  be  seen  to  an 
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t^nn]  i*xU'nfc  ttv^r  the  Imr,  tmd  by  sciTJwiiig  down    fche    cap    till    tlu^   ligHJ 
ilt^ippitars,  the  thicknaiis  of  the  paper  will  be  iiieajiuri^  by  the  ikiigle  liir 
tlirutigh. 

The  c^imtriiction  <if  this*  barometer,  the  first  of  its  kind»  was*  under 
by  Mr  Foster,  who  has  pri*ciiiced  a  very  beautiful  instrututnii  by  which  direct 
residing  mn  be  takcu  to  the  ten-tlit>UMaudth  of  an  inch.  The  mercury  hadiig 
iMjiUi  re-ovnpomtt^d  for  the  purpi>jse,  iruui  up{iaiutu8  beh'iigiug  to  Dr  SchiiSkT, 
by  hiw  itMHiiit^iiit,  Mr  S*  Stanton, 

This  barometer  could  bo  uHf^d  a.s  a  pressure  gauge  for  pressure  up  to 
84  itiehea  and  down  to  2G  inche^p  and  by  connecting  tfao  mouthpieee  willi 
a  rf*ci*iver  iti  conneetitHi  with  ii  rnereury  or  water  syphim  gauge,  with  the 
other  limb  oik*ii  to  the  atruo^phere,  the  dirtt^n^uceti  u{  reading  of  tbe 
bai'ouieter  for  different  prei*Hiirea  in  the  receiver  can  be  readily  cotnpan?d 
with  the  corresponding  differences  in  the  t^ypbou  gauge,  and  by  guch 
eonqiariwons,  taken  at  intervals  till  the  mt.*rcury  reachen  the  closing  in  \*f 
the  tube,  a  test  it*  obtisined  iks  to  the  absence  of  anythiug  but  mercury 
vajiuur  above  the  mercury, 

When  the  barouiett*r  \h  in  connection  with  the  vapour  chamber  m 
which  the  tbermonieter  ia  inimei-Hed,  tht^  piasage  of  moisture  iKick  into 
the  bar^jmeter  is  pr«wonted  by  connecting  the  tuiw  by  a  branch  with  au 
air  receiver,  in  which  the  pressure  h  UMiintuined  higher  than  that  in  the 
vapour  chamber;  the  branch  pipe  coinnninicating  with  the  chamber  thnmi^h 
a  piece  of  (juarter-inch  glass  pipe,  3  inches  long,  plugged  as  tightly  a* 
possible  throughout  its  length  with  cotton-wool,  through  which  the  air 
has  to  pjiss  froui  the  receiver  into  the  vapour  chamber.  In  this  way,  an 
indefinitely  slow  current  of  clean  dry  air  can  be  maintained  into  tht- 
passage  from  the  vapour  chamber  to  the  valve  which  controls  the  exit 
of  the  steam  into  the  atmosphere,  so  that  the  air  does  not  enter  the  vapour 
chamber  in  which  the  thermometers  are,  but  directly  passes  out  with  the 
overfiow  steam. 

There  is  necessarily  some  resistance  to  the  air  passing  along  the  pij)e  to 
the  vapour  chamber,  but  this  could  easily  be  tested  by  removing  the  pip*' 
from  the  vapour  chamber,  and  leaving  it  open  to  the  atmosphere,  so  that 
the  barometer  would  adjust  itself  to  that  of  the  atmo.^^phere,  plus  the 
pressure  due  to  the  resistance  of  the  current  in  the  pipe  ;  then,  stopping 
the  current  by  closing  the  branch  jnpe,  and  reading  again,  the  (lififeremv 
would  give  the  pressure  due  to  the  current.  With  the  plug  as  de^crilxd 
this  was  so  small  as  to  be  negligible,  even  when  the  pressure  in  the 
receiver  was  two  atmospheres.  As  during  the  testing  of  the  thermometers 
the  pressure  in  the  vapour  chamber  was  generally  greater  than  that  of  tlic 
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atmosphere,  in  order  to  maintain  this  steady,  a  governor  on  the  gas  burner 
was  necessary,  as  well  as  an  accurately  adjustable  exit  valve. 

With  these  appliances  the  scale  of  the  high  temperature  thermometer 
could  be  tested  at  intervals,  over  a  sufficient  interval  on  each  side  of  the 
boiling  point  (212°  Fahr.),  the  corrections  for  surface  tension,  temperature, 
and  gravitation  being  applied  to  within  the  thousandth  of  an  inch  of 
mercury. 

This  gives  the  limits  of  error  +  000001. 

Collection  of  the  Low  Temperature  Thermometer. 

49.  The  correction  on  the  thermometer  for  82  would  be  at  any  time 
obtained  in  the  usual  way  by  immersing  the  thermometer  vertically  in  a 
bath  of  soft  snow,  but  as  there  was  no  ready  means,  as  with  the  scale 
about  212",  of  testing  the  scale  at  32°,  while  this  would  be  used  for  one 
or  two  degrees,  this  correction  could  only  be  made  by  comparison  with  a 
thermometer  already  corrected  with  the  air  thermometer,  which  comparison 
Dr  Schuster  allowed  to  be  made  in  the  physical  department. 

Correctioiis  of  the  Thei'mometers  for  Pressure. 

50.  The  pressures  in  the  thermometer  chambers  of  the  brake  being  both 
some  10  or  15  inches  of  mercury  above  that  of  the  atmosphere,  it  would  be 
necessary  to  determine  the  corrections  on  each  of  the  thermometers  under 
the  pressures  and  temperatures  at  which  they  had  to  work. 

Thus,  if  Ci,  e.2  are  the  corrections  per  unit  of  pressure  in  the  initial  and 
final  thermometers,  the  correction  for  the  heat  is  (eipi  —  e.2Pi). 

The  Range  of  Temperature  over  which  the  Specific  Heat  ivould  be  Measured. 

51.  The  temperature  of  the  effluent  water  from  the  brake  can  be 
regulated  either  up  or  down  to  any  required  extent,  and  although  there 
would  necessarily  be  some  divergence  from  the  boiling-point,  with  care 
and  experience  it  would  be  possible  to  bring  the  mean  result  in  a  number 
of  trials  within  a  close  approximation  of  212°  Fahr. 

On  the  other  hand,  there  has  been  no  means  provided  of  regulating  the 
temperature  of  the  water  entering  the  brake.  This  is  determined  by  the 
rate  at  which  the  water  passes  through  the  iced  coil  and  the  temperature 
at  which  it  entered,  as  determined  by  the  temperature  in  the  town's  mains, 
which  varies  from  38"  in  the  winter  to  55°  in  the  summer.  Thus  the 
temperature  in  the  light  trials  would  be  from  half  to  a  degree  above  32°, 
and  that  of  the  heavy  trials  from  a  degree  to  two  degrees. 


652  ^m^mmMMGHAm^Si^^ivTh^nrm  iikat.  [M 

111  edculiititjg  the  bent  of  each  trial,  the  Jictual  difference  wilk  ^ 
cnrreetion  for  the  thermometers  is  taken*  but  if,  as  is  nhown  bj  pffefWi 
invt'gtigatious  by  llegimult  and  uthei's,  the  specific  heat  at  and  near  .If  it 
hm  than  the  mean  specific  heat  between  32"  and  212"*  by  M>T[iethiiig  liU  i 
O'Ti  |x*r  eeut.,  there  would  be  errors  in  taking  the  results  so  obtaiQetl  m  the 
r  J  lean  Hpecitio  heat  between  32  '  and  212  ', 

Owing  to  the  extretiie  ilitficulty  i*f  dctenuimng  the  ^specific  heat  avi*ra 
very  fihort  range  of  tcnipeniture  to  such  high  degrees  of  accumcy  as  *0I  pr 
cent.,  the  experimental  I  evidence  as  to  the  exnct  value  of  the  s[>eciHc  hmi 
within  a  few  degrees  of  IW  is  but  vaguely  surauseii  from  the  geiieml  fall 
uf  the  s|>cdlic  heat  with  the  tem|>erature. 

The  law  ijf  the  thermal  capacity  of  water  between  0''  C.  nod  t""^  as  deducd 
by  Regnault  from  his  experioieutB,  m  avowedly  vagtie  as  to  the  lower  tena* 
jieraturefc*.  It  shows  no  singtilar  point  at  the  maximum  deusity,  as  would  be 
I'xpectwi ;  and  Hjinkin  deduced  nuother  law  frotu  these  experiments,  makifi| 
the  minimum  specific  heat  coincide  with  the  point  of  uiaxituum  (l^ofilj. 
Abn  other  exjM-q'imeiiteiij  Ijave  obtaitjed  higher  sjH^eific  heats  near  32"  ttiao 
are  given  by  Keguault's  formuliL  It  wuuld  seem  pi-obable,  therefort%  tluit 
the  difi'en.^nce  between  the  sjiecitic  heat  at  32"  and  the  nitmn  between  32' 
and  212^;  as  given  by  Rcgnanlt's  fonnnla^  is  too  large. 

In  that  case,  the  correction  obtained  by  this  formula  in  order  to  neduoe 

'the  speeifie  heat  between  the  observed  ttnnperature  in  the  trial8  U>  thai 
between  the  ^stall(fclrd  |)oints,  would  probably  be  too  large,  and  thus  ati'onJ 
an  outside  limit  of  error. 

Thus,  putting  s  for  the  mean  specific  heat  between  82  and  212, 
,s(l4-A')  for  the  specific  heat  between  jT,  '  and  212,  when  T,"  is  small 
compared  with  \H0\  and,  by  Regnault,  taking  .«>•  ( I  —  0  005 )  for  the  sptH^ilic 
heat  at  1\\  then  the  total  heat  from  lY  to  212"  is 

6(1  +  A')(212  -  2V  )  =  s  [180 -  (T;  -  32) (1  -  0  005)j 

=  6(212-  7V)(l  "2^2-  2V  ""  ^^^^V  ' 
or,  neglecting  (^i  —  32)'-, 

.Y  =  0005  ^\  ~^^  =  0-000028  {1\  -  32). 

Thus,  taking  the  mean  capacity  of  water  between  the  toniperature^^  of 
32    and  212'  as  the  standard  capacity,  the  mean  specific  heat   between  T, 
and  212'  would  be 

1  +  X  =  1  +  0000028  (7\^  -  32) ; 

and,  if  T^    is  the  mean  initial  temperature  of  the  water  of  any  niinibor  ut 
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trials,  1  +  X  is  the  mean  specific  heat  of  the  water  in  all  the  trials.  The 
mean  specific  heat  of  the  diflFerence  of  two  trials  would  be  1  +  X ;  this 
appears  as  follows  : — 

Suppose  1  +  Xj  to  be  the  mean  specific  heat  for  a  set  of  heavy  trials,  and 
TT,  the  mean  weight  of  water,  and  (1  +  X^  to  be  mean  specific  heat  of  a 
corresponding  set  of  light  trials,  and  W^  the  mean  weight  of  water,  T^, 
T^  being  respectively  the  initial  temperatures  of  Wi  and  W^,  the  difference 
of  the  total  heats  would  be 

(1  +  X,)  (212  -  r,°)  Tf,  -  (1  +  X,)  (212  -  t:)  TT,, 

and  the  mean  specific  heat  would  be  approximately 

(212-rOTf^-(212-r/)Tf,-f  180(XtTf,--X,Tr,) 

(2i2-y,)Tr.-(2i2-r2)iF', 

_     i80(z,Tr,-x,Tr,) 

and,  as  in  the  heavy  and  light  trials  W^  =  2W.,  approximately,  the  mean 
specific  heat  by  Regnault's  formula  would  be 

1  +  2Z,  -  ^2=  1  +  0-000028  [2(^1- 32) -(T,- 32)]. 

This  result  is  obtained  by  merely  summing  the  trials,  but  counting  the 
water  in  the  light  trials  as  negative, 


^  =  <«0.»x{^t^^}. 


The  Gradual  Rising  of  the  Indices  of  tlie  Thermometer. 

52.  Where,  as  is  generally  the  case,  the  indices  of  the  thermometers  are 
gradually  rising,  if  they  are  used  between  the  intervals  at  which  they  are 
corrected,  the  last  observed  correction  being  applied,  there  will  be  an  error 
which  will  be  negative,  and  of  magnitude  equal  to  the  rate  of  rise  during 
the  interval  multiplied  by  the  interval.  Thus,  if  the  trials  are  uniformly 
distributed  between  the  intervals  of  coirection,  the  correction  would  be 
0'5a,  where  a  is  the  observed  rise  in  the  interval,  hence  the  relative  cor- 
rection on  the  equivalent,  taking  (Zj  and  a^,  as  the  mean  rises  between  the 
intervals  of  correction  of  the  initial  and  final  thermometers,  would  be 

0-5     ,_      _^ 

The  Work  done  by  Gravity  on  the  Water. 

53.  The  difference  of  pressure  on  the  bulbs  of  the  initial  and  final 
thermometers  which  are  at  the  same  level,  expressed  in  feet  of  water,  is 
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the  work  done   by  gravity   \mr  Hi.  cif  water,     if  /»,   aiiil   p,   exprt'^  tlw«i 

prei*8urep  in  inches  of  tiiurcury»  tht?  work  cli*in^  by  gravity  b* 

which  given  IV*  the  TOhvtivi*  rrtrrection  for  the  ecjuivaleiit^  Approximately* 
4^  0^000008  S  [W{fh-  }H)]/1  (  W  ). 

The  Work  nfmwbed  in  Weanng  ike  Meial  of  the  Bmhes  and  ShaJ 

[54  Duriug  the  aix  years  the  brako  had  been  iti  use,  before  the  trisl 
ijorn induced,  the  shaft  and  bushes  were  occAsiotially  lubricated  with  nil 
chit'rty  to  prevent  oxidation  of  the  shaft  when  standing,  and,  up  to  the 
cummencBmtmt  of  the  trials,  there  Wi^  hardly  aTiy  appreciable  sign  of  wt^, 
Aft^er  the  oloniug  of  the  bushes  by  the  ^ituffing-box  and  cap,  when  the  wir 
of  oil  was  purposely  diseoti tinned,  there  wa^  no  means  of  observing  th«' 
wt^ar  of  the  metal  an  long  i\B  the  brake  worked  natisfactorily,  aa  it  diil 
during  all  the  trials.  But  when,  after  the  ecunpletion  of  the  triak  the 
stuffing-box  and  cap  were  removed,  in  order  to  return  to  the  orijy^iwj 
manner  of  working,  the  excess  of  leaking  through  the  bushe?*  showed  thai 
there  had  been  couaidemble  wear. 

At  that  time  it  did  not  occur  to  ma  that  the  proportion  of  this  wr-ir 
which  took  place  during  the  actual  ruiming  of  the  trials,  would  represt^iit 
a  certain  amount  of  work  absorbed  in  disintegrating  the  metal,  or  a  certain 
amount  of  heat  developed  by  the  oxidation  of  the  metal,  and  no  attempt 
was  then  made  to  form  a  definite  estimate  of  the  amount  of  metal  which 
had  disappeared.  As,  however,  the  worn  metal  was  replaced  by  a  coatiii? 
of  white  metal,  the  thickness  of  this  (less  than  ^^^^^  ^^^  *^^^  inch)  and  the 
extent  of  surface  (less  than  124  square  inches)  subsequently^  showed  that  it 
could  not  be  more  than  1  lb. 

This  was  after  it  occurred  to  me  that  however  small  might  be  the  effect 
of  this  wear,  since  it  was  definitely  observed  to  have  taken  place  during  the 
twelve  months  when  the  bushes  were  closed  for  the  purpose  of  the  trials, 
it  was  desirable,  in  order  to  complete  the  research,  that  some  out^^ide 
estimate  should  be  obtained  of  the  limits  to  its  possible  effect,  whether 
from  disintegration  or  from  oxidation. 

In  as  far  as  the  loss  of  metal  was  due  to  the  abrasion  of  the  clean  met^l 
surfaces,  it  would  be  proportional  to  the  number  of  revolutions,  while  in  as 
far  as  it  was  owing  to  the  oxidation  of  the  metal  surfaces,  left  bright  aft^r 
each  run,  it  would  be  probably  proportional  to  the  number  of  runs. 
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The  number  of  revolutions  with  the  bushes  closed,  counting  ordinaiy 
work  as  well  as  the  trials,  is  found  from  the  records  to  be  less  than 

300  X  60  X  360, 

and  the  number  of  runs  to  be  80,  the  mean  time  being  4*5  hours.  The 
revolutions  during  any  one  of  the  accepted  trials  were  300  x  60.  And  the 
trials  were  made  in  threes,  so  that  the  coefficient  for  oxidation  would  be  ■^. 

Hence,  the  metal  worn  by  abi*asion  in  a  single  trial  would  be  less 
than  ^^th  of  1  lb.  =  00028  lb.,  and  the  metal  oxidised  in  one  trial  less  than 
^:}^th  =  0004  lb.  So  far  the  estimate  is  fairly  definite,  but,  for  its  completion, 
it  is  necessary  to  arrive  at  some  conclusion  as  to  the  work  absorbed  in  dis- 
integrating the  metal,  and  of  the  heat  developed  by  its  oxidation. 

There  does  not  seem  to  be  any  reason  why  there  should  be  more  oxidation 
of  the  bright  surfaces  in  a  light  trial  than  in  a  heavy  trial,  so  that  there 
would  have  been  no  error  from  this  cause  in  their  difference. 

As  regards  the  abrasion  and  the  oxidation  of  the  abraded  metal,  there 
would  be  a  difference,  as  the  weight  on  the  shaft  in  a  heavy  trial  is  1*23  of 
the  weight  in  a  light  trial.  Thus  the  differences  of  abrasion  would  have 
been 

00006  lb. 

The  work  necessary  to  produce  a  state  of  disintegration,  such  as  exists  in 
the  vapour  of  the  metal,  would  be  the  total  heat  of  vaporization,  less  the 
kinetic  energy  and  work  [/c„/(T— 32)4- -PV],  and,  although  the  heat  of 
vaporization  of  the  metal  is  not  known,  it  would  seem  that  it  cannot  greatly 
exceed,  when  subject  to  the  deductions  mentioned,  the  heat  of  vaporization 
of  ice  subjected  to  like  deductions  (1,000,000  ft.-lbs.). 

Assuming  this,  since  the  difference  in  the  work  of  two  trials  is  about 
70,000,000  ft.-lbs.,  the  correction  would  be 

-  000001, 

which,  considering  that  the  disintegration  would  be  very  imperfect,  may  be 
taken  as  an  outside  limit,  while  the  effect  may  have  been  even  reversed  by 
the  oxidation  of  the  degraded  metal. — Nov.  9,  1897.] 


Accidents, 

65.  In  contemplating  such  an  extensive  and  complex  research,  the  result 
of  which  depends  on  the  mean  of  a  number  of  experiments,  it  was  impossible 
to  overlook  the  question  as  to  how  such  accidents,  as  would  probably  occur, 
should  be  dealt  with. 
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It  was  clear  thatp  whatever  the  rule  might  be.  it  must  be  definite  mA 
ngi}vtms\y  applied. 

Two  other  things  wen.*  abo  cle^ir,  that,  a^  in  Biirve3dng,  accidents  migbi 
oc^cufj  8ay  in  reading  the  CfHmter  or  thv  scales,  which  woidd  «»iily  be  apparent 
frura  the  reduction  of  thu  rcsultn  aflt-cr  the  trial  wais  fini&*he<j.  Also,  that  in 
tht^se  experiments  thero  would  bu  no  mirh  rigoroufi  check  on  the  re?»ulte  aain 
siirvoyiiig ;  ho  that,  without  danger  of  **orting  tht^  results,  anomaloiij*  rcsute. 
thi*  vn\m*  of  which  waa  not  noted  during  the  trial,  con  Id  only  be  rejected 
wheti  the  ix>HultH  theniselvu^  containoti  eviderjce  uf  the  caiiKe  *)f  the  anorflaly; 
.say  an  abnornial  difference  between  tlie  mean  speeib  by  the  counter  and  the 
speed  gauge. 

It  was  therefore*  from  the  first,  decided  to  reject  all  trials  in  which  that 
wafl  definite  evidence  either  during  the  trial  or  in  the  results,  of  uncertaintj 
to  which  no  definite  limits  could  be  assigned,  in  anyone  of  the  measureinenK 
without  rcgai'^i  fi>r  thu  appamnt  consistency  of  the  results,  and  in  the  sajuc 
ws^y  to  i^^tain  all  other  trials, 

56,  The  following  table  contains  a  mnnniary  of  all  th<3!:je  ciFcuuistAua^ 
on  which  the  acciimcy  of  the  result  of  the  investigation  depends,  t<3gt^tber 
with  references  to  the  several  Arfeicles  in  which  they  have  been  discus.«ied  h 
line  with  each  cireiinistance  i^  placed  the  formula  fur  the  relative  e^irrfctioTt 
in  the  etjinvalent,  necessary  in  consequence  of  the  observed  deviation  frm 
the  condiHons  of  e^UJility  hot  ween  the  heavy  and  light  trials.  In  the  ^m^ 
line  with  each  circumstance  are  also  given,  to  the  millionth  part,  the  limii^ 
of  relative  error  as  deduced  in  the  corresponding  Articles. 
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6M  OH  THB  MlCHANI^I^QufvS-l!?^  OP   HEAT.  [Cfi 


PART    IL 
On    AK    KxpEFirMKNTAI,   Di-rriiRMlKATlON   or  THE   MErHANFCAL    EQUIVALENT 

uF  TiiK  Mean  Sr*K(  ific  Heat  of  Wateh  between  32"^  and  212'  Fahh., 

MADE  IN  THE  WhH  WORTH  ENOINEElUNr.  LaBURATURY,  Oa\^NS  CoLLEGI; 
(IN  PROFESHriB  Oj^HORNK  UitYN0Lll8'  MKrHOR— BV  WlLLlAM  HeNIT 
MOOHIIV,  M,Sc. 

1.  In  vmw  of  the  fraqueiit  md  extremely  carc*flil  and  accwmt^?  thUr- 
miiiAfcionM  of  the  value  of  th^  mBchanim!  ei|uivalent  uf  hvtxt  which  have  been   , 
made  of  late  years  hy  differtint  ex  peri  ni  enters  iigiug  iliff«*roiit   methods  the 
present  series*  of  experim»3uts  may  on  fir^^t  thmights  BtHim  guperfluoiia    Th<iT    i^ 
did,  Ijowever^  seem  to  be  mifficient  disagreement  Ijetween  the  resiults  pre-    « 
viously  pubHshe^i^more  particularly  between  values  of  the  equivalent,  u   j 
derived  from  the  direct  mothfjds  deaeribed  by  Joule,  Rowland,  atid  MieuJt^cii, 
and  the  imlirect  electrical  methtxis  of  Griffiths,  and  Gannon,  and  Schuacter,  t0 
warrant  a  new  investigation  into  the  value  of  thi.s  important  constant^  if  the 
proposed  new  method  of  working  should  carry  with  it  wi vantages  oot  available 
in  previous  investigations.     I  waa  accordingly  very  ghid  to  fall  in  with  the 
wishes  of  Professor  Reynolds  that  I  should  undertake  a  re.^earch  bearing  m 
this  point  on  lines  which  he  suggested  to  me  iu  July,  1894. 

2.  In  Part  I.,  par.  8,  a  full  description  is  given  of  the  apparatus  wYhm- 
existence  in  the  Whitworth  Engineering  Laboratory  led  up  directly  t^)  the 
institution  of  this  research  into  the  value  of  the  mechanical  ecpiivalent  of 
heat. 

The  advantages  which  the  proposed  method  offered  were  briefly  : — 

(1)  The  possil)ility  of  obtaining  a  result  which  in  no   wa\'  dej^'iided 

for  its  accuracy  on  the  value  of  the  scale  divisions  of  the  ther- 
mometers used  in  the  measurements  of"  temperature  (Part  l, 
pai\   11). 

This  was  done  by  supplyiug  a  stream  of  water  to  the  brake  at  a 
temperature  of  32°  Fahr.,  and  there  raising  its  temperature  to 
212°  Fahr.  before  admitting  it  to  the  discharge  pipe  where  its 
temperature  was  again  taken. 

(2)  A   means  of  eliminatiug   from   the  result  all   losses    of  heat  due 

to  radiation  and  conduction  from  the  calorimeter  employwi 
(Part  I.,  par.  32).  The  manner  in  which  this  elimination  \*-as 
accomplished  is  indicated  below. 
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Let  U  and  u  represent  the  quantities  of  work  done  in  two  trials  which 
difiered  only  in  the  moment  of  resistance  offered  by  the  brake — the  number 
of  revolutions  of  the  engine  shaft  and  the  duration  of  the  trials  being  the 
same  in  each  case. 

Also  let  //'  and  }i  be  the  apparent  quantities  of  heat  generated  in  the 
brake  in  these  trials.  These  quantities  will  be  less  than  the  true  equivalents 
of  the  works  U  and  u  by  quantities  which  represent  the  losses  of  heat  from 
the  brake  by  conduction,  radiation,  &c.  These  losses  were  made  as  nearly  as 
possible  equal  by  keeping  the  temperatures  of  the  brake  and  its  supports  and 
surroundings  at  the  same  levels  in  the  two  trials. 

Then  the  quantity  of  work  {U  -  u)  should  be  exactly  equivalent  to  the 
quantity  of  heat  {H'  —  h'),  and  by  dividing  the  first  of  these  by  the  second, 
a  value  of  the  constant  required  is  obtained. 

The  power  available  for  the  purposes  of  the  investigation  enabled  me  to 
deal  with  quantities  approaching  the  following  values  in  trials  of  one  hour's 
duration : — 

Revolutions,  18,000. 

Total  work  done,  135,000,000  ft.-lbs. 

Total  weight  of  water  raised  180°  Fahr.  =  960  lbs. 

Total  apparent  heat  generated  =  170,000  B.T.u. 

In  quantities  so  large  as  these  some  of  the  small  errors  inevitable  to  all 
physical  experiments  became  quite  or  nearly  negligible. 


Preliminary  Apparatus  and  Trials. 

3.  It  will,  perhaps,  be  sufficient  to  indicate  the  general  arrangement  of 
the  apparatus  as  first  set  up.  This  is  illustrated  in  the  annexed  sketch. 
The  water  was  supplied  from  the  mains  through  the  iron  stand-pipe,  A,  and 
the  regulating  cock,  B,  Before  it  entered  the  brake  its  temperature  was 
measured  by  means  of  the  thermometer,  (7,  inserted  through  a  cork  in  the 
stand-pipe,  the  part  of  the  stem  on  which  readings  were  taken  being  exposed 
to  the  atmosphere.  After  being  discharged  from  the  brake,  D,  the  water 
entered  a  flexible  rubber  pipe,  E,  bent  through  an  angle  of  90°,  which  con- 
nected a  horizontal  nipple  at  the  bottom  of  the  brake  with  a  vertical  one 
forming  the  lower  end  of  a  fixed  line  of  copper  piping,  F,  The  temperature 
of  discharge  of  the  water  was  in<iicated  by  the  thermometer,  (?,  which  was 
enclosed  in  a  glass  tube  opening  through  a  stuflBng-box  into  the  discharge 
pipe,  the  whole  length  of  the  stem  being  therefore  kept  at  the  temperature 
of  discharge.     On  leaving  the  copper  discharge  pipe  the  water  was  directed 
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fig,  1.     Praiimmnry  Apparattii*    Courro  of  water  tihown  by  armwa. 

A  serim  of  trials  were  made  with  this  appamtus,  the  water  being  raised 

through  varvint(  intervals  oi'  tc-niptTratiire  between  Sfy  Fahr.  and  lOU'  Fahr 
For  obvious  recosuiis  the  results  were  not  satisfactory,  and  are  therefore  not 
published.  Experience  was  gained,  however,  which  helped  very  materially 
in  the  design  of  the  final  apparatus. 

Common  thermometers  were  used,  and  calibration  errors  on  the  coui- 
paratively  small  range  of  temperature  through  which  the  water  was  raised 
were  of  sufficient  importance  to  vitiate  all  results.  Again,  the  exposure  of 
the  stem  of  the  thermometer,  (7,  was  a  weak  spot  in  the  appanitus.  I  was 
much  troubled  also  with  leakage  of  water  from  the  two  bushed  bearings  of 
the  brake. 

In  so  far  as  could  be  judged,  the  bent  rubber  pipe,  E,  wa.s  found  to  be  a 
satisfactory  connection  between  the  brake  and  the  copper  discharge  pipe,  and 
this  has  been  retained  in  the  subsequent  apparatus. 


DeTxVIls  of  the  Constituent  Parts  of  the  Final  Apparatus. 

Artificial  Atmosphere. — (Part  I.,  par.  23.) 

4.     To  prevent  loss  of  water  by  evaporation  at  the  centres  of  the  vortices 
formed  in  the  brake,  the  ports  in  the  vanes  of  the  outer  casing  were  connected 
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through  a  flexible  rubber  tube  some  4  feet  long,  with  an  artificial  atmosphere 
formed  in  a  tin  receiver,  the  pressure  in  which  was  maintained  by  means  of 
a  cycle  tyre  inflator  at  about  9  inches  of  mercury,  as  measured  on  a  U-gauge. 
The  shape  of  this  vessel  is  made  clear  in  the  sketch  (Part  I.,  Fig.  8).  The 
ends  were  made  conical  for  greater  strength.  The  receiver  was  also  provided 
with  an  air  valve,  with  which  to  relieve  the  pressure  when  too  high,  and 
a  cock,  with  which  water  accidentally  lodging  inside  could  be  drained 
away. 

The  Ice  Cooler,— (Pn^vt  I.,  par.  19.) 

5.  Some  preliminary  experiments  indicated  that  a  length  of  about 
200  feet  of  |-inch  diameter  lead  piping  would,  when  immersed  in  a  mixture 
of  ice  and  water,  be  sufficient  to  cool  a  stream  of  some  16  lbs.  of  water  per 
minute  very  nearly  to  32°  Fahr. 

The  ice  cooler  was  accordingly  made  as  follows:  A  wooden  box, 
4' 0"  X  2' 3"  X  2' 0",  and  lined  inside  with  waxed  cloth,  was  fitted  with  a 
horizontal  wooden  shelf  about  2  feet  6  inches  long,  and  on  this  was  laid  a 
flat  oval  coil  of  |-inch  composition  piping  nearly  200  feet  in  length,  the 
left-hand  end  of  the  coil  and  shelf  stopping  short  at  a  distance  of  1  foot 
from  the  end  of  the  box,  the  ri<,^ht-hand  end  of  the  coil  reaching  the  end  of 
the  box,  but  the  shelf  stopping  some  6  inches  short  of  that  point.  The  coil 
was  about  o  inches  diameter,  vertically,  and  over  it  were  placed  the  wooden 
guide  plates  shown  (Part  I.,  Fig.  7).  An  8-inch  diameter  paddle,  having  6 
wooden  floats,  was  placed  about  the  middle  of  the  box,  at  a  height  just 
sufficient  to  ensure  the  lower  edges  of  the  floats  clearing  the  coil  of  pipe 
below  it.  A  galvanized  iron  wire  netting,  extending  from  the  shelf  upwards 
to  the  top,  separated  the  well  at  the  left-hand  end  of  the  box  from  the  com- 
partment to  the  right  containing  the  coil  and  paddle. 

When  working,  the  well  and  space  beneath  the  shelf  contained  broken 
ice,  well  rammed  in ;  while  the  level  of  the  water  was  automatically  kept  at 
about  3  inches  above  the  top  of  the  coil.  The  paddle,  driven  by  a  cord  from 
the  line  shafting  in  the  engine-room,  revolved  in  the  direction  shown  by  the 
arrow,  and  caused  a  circulation  of  water  up  through  the  ice  in  the  well, 
and  then  horizontally  through  the  coil  and  back  to  the  ice  under  the 
shelf. 

Circulating  Pump. — (Part  I.,  par.  20.) 

6.  In  order  to  supply  sufficient  water  to  the  brake  against  the  resistance 
offered  by  the  200  feet  of  pipe  in  the  cooler  and  the  augmented  pressure  in 
the  brake  itself,  it  was  necessary  to  use  a  circulating  pump.  This  was  a 
small  Mather-Reynolds  centrifugal  pump  with  four  1^-inch  wheels,  driven 
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by  a  turbine  avaihibla  for  tliis  purpose  in  tlie  ciigine-nn>in,  ThU  pump  was 
capable  of  supplying  1(1  Ibg.  of  water  p**r  niiniitrC%  against  a  pressure  of  2aiW 
per  equare  inch  at  the  supply  valve. 

Some  difficulty  w*irt  encountered  in  the  summer  of  18&6  with  this  ooiB- 
bi  nation*  becamie  the  exoi^s^ive  demand  for  condeneiDg  watar  for  the  engtni 
harflly  left  mifficiont  flow  in  the  falling  hydraulic  main  to  work  the  tUffatM 
at  the  requisite  spiked  Ui  maintain  the  aboV6  pressure. 

On  the  whole,  however,  the  combination  wiis  exceedingly*  efficient^  and 
with  a  graduated  BUjqdy  valve  aflbrded  a  very  delicate  means  of  regulatiiig 
the  flow  of  water  into  the  brake. 

Water-tight  Joints  betumefi.  tht  Brake  and  the  Engine  Shaji, 

7.  In  Part  L,  par.  ^4-20,  the  ueeessity  of  obtaining  control  ovi*r  the 
leakage  of  water  at  the  bearings  of  the  brake,  and  the  methods  by  which 
thm  was  accomplished,  are  fully  discussed  The  beaiing  on  the  up-s^haft  eod 
of  the  brake  was  provided  with  a  st u ffiui^* box,  w hilt?  the  shaft  end  was  covemi 
with  a  cjip  Tlie  annexed  .sketches  show  the  general  design  of  the  stuibg- 
box  and  cap  :— 

jl'-The  engine  crank  shaft. 
B — The  outer  skin  of  the  brake. 

V — Conical  brass  bunhes  screwed  into  the  outer  skiu  of  the  brake. 

/)  — Lock  nuts  on  these  bushes. 

L\  F,  and  G — Stuffing-bux,  ring  and  cover. 

K — Set  screws  fastening  stuffing-box  to  the  lock  nut. 

L — Cap  covering  the  end  of  the  shaft. 

M — Small  spindle  driven  by  a  pin  on  the  end  of  the  engine  shaft, 
passing  through  a  stuffing-box  on  the  cap,  and  required  to  drive 
the  revolution  counter. 

The  cap  completely  stopped  all  leakage  from  the  bearing  to  which  it  was 
fixed,  and,  when  the  stuffing-box  had  worked  for  a  short  time,  only  a  few 
drops  of  water  escaped  froui  the  up-shaft  bearing. 

The  brass  bush  bearings  needed  lubricating,  and  this  was  accomplislieti 
by  supplying  a  small  stream  of  water  to  each  bearing  through  the  pipes  .V 
and  P,  each  provided  with  a  regulating  cock.  This  water  came  from  the 
supply  pipe  between  the  ice  cooler  and  the  regulating  valve  controlling  the 
main  supply  to  the  brake.  It  was  consequently  under  considerable  pressurt^ 
and  at  a  temperature  very  little  over  82°  Fahr.     The  water  thus  suppliai 
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had,  of  course,  to  enter  the  brake,  and  the  amount  supplied  afforded  a  very 
convenient  means  of  controlling  the  temperatures  of  the  bearings. 


Fig.  2.     Joints  between  brake  and  shaft. 


At  a  distance  of  2f  inches  from  the  cap  of  the  stuffing-box  was  the 
end  of  one  of  the  main  bearings,  R,  carried  on  the  cast-iron  pedestal,  S. 

It  was  important  that  I  should  have  some  control  over  the  loss  of 
heat  by  conduction  along  this  length  of  shaft.  Accordingly,  two  pieces 
of  brass  pipe  were  soldered  on  to  the  cap  of  the  stuffing-box,  while  two 
others  were  screwed,  the  one  in  the  upper  and  the  other  into  the  lower 
brass  forming  the  main  bearing.  Thermometers  were  placed  inside  the  tube 
affixed  to  the  stuffing-box  cap,  which  happened  to  be  uppermost  at  the 
time,  and  into  the  two  pipes  screwed  into  the  main  bearing.  It  was  then 
assumed  that  the  loss  of  heat  along  the  shaft  would  vary  with  the  difference 
of  temperature  between  the  stuffing-box  cap  and  the  bearing.  In  order 
that  the  losses  of  heat  occurring  in  this  way  in  any  two  trials  should  be 
identical,  it  was  sufficient  under  the  above  assumption  that  this  difference 
of  temperature  should  be  the  same  in  both  trials,  and  the  temperature  of 
the  stuffing-box  was  regulated  to  this  end  by  means  of  the  amount  of  cold 
water  passing  into  it. 

Considerable  difference  of  temperature  was  observed  between  the  upper 
and  lower  brasses  of  the  bearing,  and  as  it  seemed  probable  that  the 
lower  one  approximated  the  more  closely  to  the  temperature  of  the  shaft, 
that  thermometer  was  the  one  used  in  determining  the  loss  of  heat  by 
conduction. 

In    the   later   trials   I    endeavoured   to  keep   the   temperatures   of  the 


Fig.  3.     Cold  water  thermometer  jacket. 


I  from  tirake 


Fig.  4.     Hot  water  thenuo 
meter  jacket. 


The  arrangements  adopted  for  this  purpose  are  illustrated  in  the  annexed 
sketches.     (Figs.  3  and  4.) 
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After  leaving  the  main  regulating  valve  the  cold  supply  water  entered 
a  vertical  brass  T,  shown  at  A.  The  main  volume  of  the  water  flowed  on 
to  the  brake  through  the  horizontal  arm  of  this  T.  At  its  upper  end 
the  T  carried  a  small  stufBng-box,  B,  into  which  was  fixed  a  vertical  ^-inch 
diameter  glass  tube,  C.  This  tube  was  closed  at  its  upper  end  by  meiins 
of  a  rubber  stopper,  held  in  place  by  the  brass  cap,  D,  screwed  on  to  the 
upper  end  of  a  |-inch  slotted  copper  pipe  surrounding  the  glass  tube.  The 
stopper  and  cap  were  both  penetrated  by  a  short  length  of  J-inch  diameter 
brass  tube,  which  carried  a  gas-cock  at  its  upper  end.  The  thermometer 
was  hung  by  a  piece  of  string  from  the  lower  end  of  the  J-inch  pipe — the 
graduated  part  of  the  stem  being  all  clearly  visible  through  the  glass  walls 
of  the  chamber  while  the  bulb  was  well  in  the  main  stream  of  water  flowing 
through  the  brass  T. 

A  small  stream  of  water  was  allowed  to  run  to  waste  through  the  small 
gas-cock  at  the  top,  thus  ensuring  the  whole  of  the  stem  of  the  thermometer 
being  kept  at  the  proper  temperature. 

The  hot  water  discharged  by  the  brake  flowed  from  the  bent  rubber 
tube,  previously  mentioned,  into  the  lower  end  of  the  vertical  l-iuch  diameter 
copper  pipe.  A,  This  pipe  carried  a  brass  cross,  li,  at  its  upper  end,  while 
fitted  to  the  top  of  the  cross  was  the  stuffing-box,  6\  in  which  was  fixed 
a  piece  of  f -inch  diameter  glass  tubing,  D,  forming  the  thermometer  chamber. 
The  upper  end  of  this  chamber  was  closed  by  a  rubber  stopper  penetrated, 
as  before,  by  a  piece  of  J-inch  diameter  brass  pipe,  connected  by  a  piece  of 
rubber  tubing  to  the  main  discharge  pipe  above. 

The  left  arm  of  the  cross  carried  an  upward-turning  elbow,  and  that 
again  a  |-inch  diameter  copper  pipe,  up  which  most  of  the  water  flowed. 

The  thermometers,  two  of  which  were  used,  were  hung  to  the  lower  end 
of  the  J-inch  pipe  in  the  rubber  stopper,  so  that  the  bulbs  were  immersed 
in  the  whole  stream  of  water  flowing  up  the  1  -inch  copper  pipe  from  the 
brake.  One  of  these  thermometers  was  only  used  as  a  finder  to  indicate  the 
temperature  of  the  water  as  it  rose  after  first  starting  the  engine,  and  no 
record  of  its  readings  was  kept. 

The  Condenser.— (Fart  I.,  par.  18.) 

9.  In  order  that  there  should  not  be  a  large  loss  of  water  before  weighing, 
by  evaporation  from  the  tank  into  which  it  flowed  from  the  brake,  it  was 
necessary  to  cool  the  stream  to  a  temperature  approaching  that  of  the 
atmosphere. 

For  this  purpose  a  condenser  was  constructed  after  the  ordinary  chemical 
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pattern.    It  cotisi«t©d  of  a  length  of  21  feet  of  ^-inch  dmnieter  pipe  ins^ted 
in  an  equal  length  of  l|-mcli  diameter  iron  pipe. 

Siuffing'baxea  went  used  to  fiirni  the  joints  between  the  two  pipes.  The 
hot  watt^r  from  the  brnk*^  Howed  thnmgh  the  iimcr  tube,  while  a  supplf 
of  coudeiiaing  water  flowed  in  the  opposite  direction  through  the  aniiMJar 
gpaee  between  the  two  \>ip^s,  By  meauH  of  this  corRlenser  the  water  enE^riiig 
the  tank  wii8  always  cooled  at  Icu^^t  to  100"  Fahr.,  and  to  h^wer  temperatuita 
in  the  earlier  exporiinenlfi  when  the  water  available  in  the  maiiiB  was  con- 
siderably colder* 

The  Rising  Pipe.— (Part  L,  par.  2L) 

10.  The  thermometer  indicating  the  discharge  ti^mperature  often  ga?p 
readings  more  or  lesa  above  212'  Fahr, 

To  provide  againi^t  any  fall  in  tL^mperature  at  the  thermometer  bulb, 
which  might  occur  by  reason  of  the  formation  of  bubbles  of  steam  in  tte 
water,  it  was  found  ilcsirable  to  keep  some  presaure  on  the  water  at  thai 
part  of  its  course, 

Acconliiigly,  in^itead  of  discharging  the  wat^^r  directly  from  the  con* 
denser  into  the  tank,  it  wm  corjducted  up  a  vertical  pipe,  which  was  open 
at  the  top  through  a  T  to  the  atmosphere.  The  water  then  drainf^j  cLwn 
another  pipe  provided  with  a  nozzle  at  its  lower  end,  opening  into  the 
two-way  switch,  to  be  clesciibed  later.  By  this  means  a  head  of  11 '8  feet 
of  water  was  maiiitjiined  at  the  thermometer  bulb,  and  at  a  temperatun- 
of  220"  Fahr.  I  had  not  nnich  trouble  with  bubbles  of  vapour. 


llie  Tiuo-ivay  Tipinug  Switch.  — (Vart  I.,  par.  IG.) 

11.  This  was  constructed  to  provide  a  means  of  rapidly  diverting  the 
water  at  will,  either  to  waste  or  into  the  tank.  Ic  consisted,  as  shown  iu  the 
sketch,  of  two  curved  copper  pipes  of  rectangular  section,  meeting  ai 
their  upper  ends  at  an  angle  of  about  80\  Their  common  side  was  pn^ 
duced  foi-  about  4  inch,  and  formed  into  a  knife-edge,  sepai-ating  the  two 
orifices. 

1'hese  pipes  were  rigidly  connected  to  a  wooden  link  which  worked  alxml 
a  horizontal  axis,  distant  25  inches  below  the  knife-edge.  Wooden  stop 
were  provided  to  limit  the  swing  of  the  switch  to  rather  less  than  2  inches. 
One  arm  of  the  switch  worked  in  a  funnel  forming  the  top  of  a  pipe  leading 
to  waste,  while  the  other  worked  through  a  hole  in  the  cover  of  the  tank. 
The  whole  arrangement  was  fixed  so  that  when  in  the  central  position  the 
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knife-edge  was  ^  inch  vertically  below  the  nozzle  at  the  end  of  the  dis- 
charge pipe. 


from  Brake 


UcQL.to  .counter 


Weighingfmachine 


Fig.  5.     Tipping  Switch. 

This  switch  worked  exceedingly  well,  diverting  the  stream  of  water 
almost  instantaneously,  without  making  any  perceptible  splash. 

In  the  later  trials  this  switch  was  connected  by  a  chain  of  links  with  the 
revolution  counter,  so  that  when  the  latter  was  pushed  into  gear  with  the 
engine  shaft  the  switch  simultaneously  directed  the  water  into  the  tank,  and 
vice  versa. 


Weighing  Machine  and  Ta/iA:.— (Part  I.,  par.  13.) 

12.  To  facilitate  the  weighing,  the  stream  of  water  was  led  during  each 
experiment  into  a  galvanized  iron  tank  which  stood  on  the  platform  of  a 
weighing  machine.  The  tank  was  4  feet  long  by  2  feet  9  inches  deep,  by 
2  feet  9  inches  wide.  During  the  experiments  it  was  kept  covered  by  a  lid 
of  thin  boards,  steeped  in  paraffin  wax.  These  boards  were  always  weighed 
with  the  tank,  so  that  any  water  they  might  absorb  was  accounted  for. 
A  2j^inch  valve  in  the  tank  bottom  was  used  for  discharging  the  water  after 
weighing. 
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Th<?  we igliiifg  machine  waw  graduated  tip  to  2200  lbs,,  and  was  guppliod, 
with  ihnnt  nd(*r  weights*. 


No.   1,  the  largp«t(    wa8  f>rovided  with   a    knife-edge    which  fitted  mio 
grooves  cut  in  the  lever  of  the  miiehitie,  each  divisiou  representing  100  IW 

No,  ^  worked  on  another  scale  on  the  lever,  each  division  represei 
!  lb,»  msd  gniduated  up  to  100  lbs. 


I 


No.  3  was  made  by  Mr  Foster,  in  the  tidwiratory,  and  indicated  ODl 
per  divimoti  of  the  second  J5tmle.    The  lever  was  32^  inches  lung,  and  readioj 
were  taken  only  when  the  middle  of  the  sowing  of  a  pointt^r  fixed  to  the  em 
of  the  lever  coincided  with  a  line  marked  on  a  hnim  plate  alongside  it 

It  wa»  quite  easy  in  oaeh  individual  weighing  to  set  the  machine  iio 
O'Ol  Ik,  but  owing,  no  donbt,  tu  shifting  of  the  platform,  level's,  &c.»  I  do  m% 
think  the  readings  taken  were  mliable  beyond  the  ^th  of  a  lb,  J 

This  machine  was  not  at  fitiit  quite  as  sensitive  as  was  necessary  to  attain 
the  high  degree  of  a^icnnn^y  re4|uired  for  the  purposes  of  the  reftearck  On 
examiuation  this  was  found  to  be  due  to  the  slightly  imperfect  adjiiatmeiitof 
the  knife-edges  attached  to  the  gi-aduatcil  lever.  The  fault  was  rectiHed  by 
Mr  Faster,  and  since  then  the  performance  of  the  machine  has  been  highly 
satisfactory. 


I 


The  Rubber  Pipe  Connections  to  the  Brake. 


13.  On  account  of  the  very  considerable  pressure  to  which  all  the  fittings 
of  the  brake  were  subjected,  it  was  found  necessar}'  to  bind  with  tape  the 
rubber  pipes  supplying  the  water  to  ensure  them  against  bui-sting. 

The  extra  stiffness  thus  given  to  these  pipes  did  not  much  affect  the  free 
working  of  the  brake,  since  none  of  them  had  a  leverage  of  more  than 
4  inches  from  the  centre  of  the  shaft. 

The  case  was,  however,  different  with  the  benr  rubber  connection  between 
the  brake  and  the  discharge  pipe,  since  in  this  case  the  leverage  is  about 
1  foot  6  inches.  This  pipe  was  eventually  inserted  in  a  cage  consisting  of  a 
spiral  of  copper  wire,  1|  inches  in  diameter,  through  the  coils  of  which  were 
threaded  two  longitudinal  wii-es  to  prevent  elongation  of  the  cage  and  rubber 
tube.  By  this  arrangement  the  flexibility  of  the  rubber  tube  wiis  almost 
unimpaired. 
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The  Device  for  Catching  the  Leakage  at  the  Bottom  Regulating  Cock, — 

(Part  I.,  par.  36.) 

14.  It  was  found  impossible  to  prevent  leakage  taking  place,  generally 
to  a  small  extent,  from  the  automatic  cock  controlling  the  amount  of  water 
in  the  brake.  It  was,  therefore,  necessary  to  provide  some  means  of  catching 
this  water,  and  it  was  very  important  that  no  impediment  should  be  placed 
in  the  way  of  the  free  working  of  the  cock  spindle. 


brake 


To  discharge  pipe 


Fig.  6. 

A  tight  joint  was  made  between  the  valve  seating,  fi,  and  the  bracket,  C, 
which  carried  the  overhanging  end  of  the  valve,  A.  All  the  leakage,  there- 
fore, occurred  along  the  valve  spindle  at  cc.  The  method  adopted  to  catch  it 
was  to  solder  a  brass  ring  on  to  the  bracket  at  i>,  and  fit  a  ring  of  cork  of  the 
same  diameter  tightly  on  to  the  spindle  at  E.  A  piece  of  thin  rubber  tubing, 
F,  was  bound  tightly  to  the  ring,  D,  and  the  cork,  E. 

This  tube  caught  all  the  leakage,  which  then  drained  down  the  smaller 
tube  (shown  in  the  sketch)  into  a  bottle  standing  on  the  floor. 

To  prevent  evaporation,  the  end  of  this  small  tube  contained  a  short 
length  of  glass  tube,  the  capillarity  of  which  always  kept  the  end  closed  by  a 
bead  of  water. 


Fig.  7.     Final  apparatus. 


It  was  drawn  from  the  mains  by  the  circulatinir  pump,  A,  and  forced 
thro\igh  the  ice  cooler,  B,  to  the  main  regulating  valve,  C.  Between  the  ice 
cooler  and  this  valve  there  was  a  Bourdon  pressure  gauge  and  a  branch-pipe, 
Z),  supplying  water  to  the  bearings  of  the  brake.  Entering  the  vertical  stand- 
pipe,  E,  the  water  flowed  round  the  bulb  of  the  initial  temperature  thermo- 
meter, a  small  stream  being  diverted  to  wjiste  through  the  jacket.  The 
straight  flexible  rubber  pipe,  F,  then  led  the  stream  to  the  brake,  G,  fn)m 
which  the  water  flowed  through  the  automatic  valve,  //,  and  the  bent  rubber 
pipe,  K,  to  the  vertical  stand-pipe,  L,  carrying  the  thermometer  for  measuring 
the  temperature  of  discharge.     Then  passing  through  the  condenser,  AI,  and 
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the  rising  pipe,  N,  the  two-way  switch,  P,  directed  the  water  either  to  waste 
or  into  the  tank,  72,  standing  on  the  platform  of  the  weighing  machine,  S.  At 
T  is  shown  the  tin  vessel  forming  the  artificial  atmosphere.  A  small  Bourdon 
gauge  was  fitted  on  to  the  top  of  the  brake  because  the  mercury  gauge,  indi- 
cating the  pressure  in  the  air-vessel,  was  not  visible  to  the  observer  when 
taking  readings  of  the  thermometers,  and  it  was  important  that  this  pressure 
should  be  kept  constant. 


The  Hand  Brake  and  Speed  Indicator. — (Part  I.,  par.  30.) 

16.  In  addition  to  the  separate  parts  of  the  apparatus  already  mentioned 
there  was  a  hand  brake  by  which  a  moment  of  about  50  ft.-lbs.  could  be 
gradually  applied  to  the  engine  shaft,  and  by  this  means  a  delicate  adjust- 
ment of  the  speed  of  revolution  was  obtained. 

To  make  this  speed  evident  a  small  speed  gauge  was  driven  by  a  gut 
band  from  the  engine  shaft.  It  consisted  of  a  paddle  rotating  about  a  vertical 
spindle  in  a  cylindrical  case.  The  case  contained  coloured  water,  and  the 
pressure  generated  forced  a  column  of  the  water  up  a  glass  tube,  to  a  height 
which  varied  with  the  speed  of  revolution. 

In  Part  I.  Professor  Reynolds  has  referred  in  one  or  two  instances  to  the 
excellent  manner  in  which  various  parts  of  the  apparatus  were  constructed  by 
Mr  Foster,  to  whom  my  thanks  are  also  due  for  the  valuable  assistance  he 
often  rendered  at  critical  moments  in  the  research,  and  further  for  the  advice 
and  help  he  was  always  willing  to  give  in  the  construction  of  apparatus  for 
which  I  was  mainly  responsible. 


The  Method  of  conducting  the  Experiments  finally  adopted — usiiig  the 
Completed  Apparatus, 

17.  During  the  progress  of  the  experiments  I  had  at  niy  disposal  the 
services  of  two  men  and  a  boy.  Of  the  men,  the  first,  Mr  J.  Hall,  was  fully 
engaged  in  attending  generally  to  the  needs  of  the  engine  and  boiler,  and  had 
besides  to  maintain  the  boiler  pressure  at  a  point  which  ensured  the  steady 
running  of  the  engine.  I  am  bound  to  state  that  very  much  of  the  success 
met  with  must  be  attributed  to  the  very  admirable  manner  in  which  Mr  Hall's 
part  of  the  work  was  performed. 

The  duties  of  the  second  assistant  Mr  J.  W.  Matthews  consisted  in 
regulating  the  engine  speed  by  means  of  the  hand  brake,  more  particularly 
at  the  commencement  and  end  of  each  trial,  and  also  in  keeping  a  constant 
pressure  of  9  inches  of  mercury  in  the  artificial  atmosphere. 
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The  boy  s  time  wa«  r»c<?iipted  in  breaking  up  the  ice  and  feeding  il 
requirt^d  into  the  ice  cooIit, 

111  the  last  sBTOft  of  i*3eperimentii  three  similar  trials  of  62  m'mutes 
duration  each  were  tmuie  per  day,  and  the  engine  having  been  onee  starti^ 
wrt?*  not  stopptnl  till  the  three  trials  wtTe  completed.  CoiiMeijuently  what  I 
m,y  bell  I w  an  to  the  starting  of  the  engine  does  not  refer  to  t^very  trid,  ftir 
afl^r  em  plying  th©  tank  at  the  close  of  any  one  all  the  necessary  iidjii.Htiiu*iiU 
wure  ready  rnivde  for  the  next. 

I.  The  pump  and  engine  were  started  simultaneously,  the  brake  being 
therefore  suppliid  with  a  stream  of  cold  water  through  the  ice  ei*olen  Thp 
brake  then  automatically  adjusted  the  w^eight  of  contained  water  till  the  li^d 
floated  clear  of  the  engine  Boor*  The  speed  was  then  adjustCHi  till  the  ny^mi 
indicator  gave  the  re<]uirefl  reading,  vise.,  in  all  recorded  trials  M>i\  revolutioai 
jHsr  minute. 


II.  Since  alt  the  work  done  waa  expended  otj  the  streann  of  water  pfisitni^ 
through  the  brake,  its  final  temperature  nj^e  more  or  less  quick ly»  and  % 
adjui^ting  the  legulating  valve  on  the  supply  pipe  the  tern  pent  ture  of  dis* 
charge  finally  remained  steady  at  212°  Fahr,  nearly.  In  the  meantime  the 
supply  of  water  trt>  the  stuffing- box  was  regulated  till  the  tern j>em turf*  ofH 
the  cover  was  at  the  required  le%'eL  f 

The-se  adjustments  took  from  a  quarter  to  half  an  hour,  and  when  made, 
the  engine  was  allowed  to  run  for  some  half-hour  longer  to  ensure  a  steady 
condition  being  attained. 

The  water  supply  to  the  condenser  hiul  also  been  regulated  till  the  stream 
of  water  issuing  from  the  rising  pipe  and  flowing  to  waste  had  the  requisite 
temperature. 

III.  Readings  were  then  taken  of — 
(a)     The  revolution  counter. 

(6)     The  weight  of  the  emj)ty  tank  and  its  cover. 

IV.  When  a  steady  condition  w^as  reached,  the  revolution  counter  at  a 
given  signal  was  pushed  into  gear  with  the  small  spindle  previously  rnentioneil, 
making  connection  through  the  cap  with  the  engine  shaft,  and  simultane- 
ously the  two-way  tipping  switch,  which  had  hitherto  been  directing  all  the 
water  to  waste,  was  pulled  over  and  diverted  the  whole  stream  into  the  tank 
In  the  later  trials  all  leakage  that  did  sometimes  take  place  from  the  stuffing- 
box,  and  a  slight  leakage  that  always  occurred  at  the  automatic  cock  below 
the  brake,  were  collected  in  two  bottles  kept  for  that  purpose.     These  were 
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put  under  the   drain   pipes   in   each   case   as   soon   as   possible   after  the 
signal. 

The  speed  of  the  engine  as  indicated  by  the  gauge  was  read  when  the 
signal  was  given,  and  as  soon  as  possible  afterwards  a  reading  was  taken  of 
the  temperature  in  the  discharge  pipe. 

V.  At  intervals  of  two  minutes  thirty  observations  were  then  taken  of 
the  temperatures  of  supply  and  discharge  of  the  water  to  and  from  the  brake, 
and  also  at  each  of  these  intervals  a  note  was  made  of  the  reading  of  the 
speed  gauge. 

At  intervals  of  four  minutes  fifteen  observations  were  made  of  a  thermo- 
meter registering  the  temperature  of  the  room.  Also  at  intervals  of  eight 
minutes  readings  were  taken  of  the  two  thermometers  in  the  stuffing-box 
and  on  the  main  bearing. 

VI.  When  sixty-two  minutes  had  elapsed  the  counter  was  freed  from  the 
shaft,  at  the  same  time  the  water  being  again  diverted  to  waste. 

The  drain  pipes  from  the  stuffing-box  and  cock  were  removed  from  their 
respective  bottles. 

Readings  were  taken  of  the  speed  indicator  and  of  the  temperature  of 
discharge. 

VII.  Fresh  observations  were  made  of — 

(a)     The  reading  of  the  revolution  counter. 

(6)  The  weight  of  the  tank  and  water  received  during  the  trial,  to 
which  had  been  added  the  water  caught  from  the  regulating 
cock. 

A  record  was  also  made  of — 

(c)  The  weight  of  water  which  had  been  caught  from  the  stuffing- 
box. 

18.     These  observations  were  afterwards  reduced  as  follows  : — 

Let  Ti  =  mean  temperature  of  water  supplied  to  the  brake. 
Tj  =  „  „  discharged  by  the  brake. 

Wi  =  weight  of  tank  and  contents  before  the  trial. 
IT,  =  „  „  after  the  trial. 

w  =  weight  of  water  caught  from  the  stuffing-box. 
t  =  rise  of  reading  of  the  thermometer  in  the  discharge  pipe  during 
the  trial, 
o.  B.  II.  43 


674  UN  thk  mmiiAmcn^^uwAt^^S^RKTf^^^  [U 

r^^meau  teinpeminre  of  the  stuflSog-bo^  covei\ 

Ts  =  n  ii  lower  brass  of  the  main  bearing, 

T^  =  .,  ,.  air. 

Ni  =  reading  of  revolution  coiinter  before  the  triaL 

N^  =  ,,  ,p  after  the  trial- 

M  ^  momtmi  in  ft,-lba*  carried  by  tho  brake. 

Therefore  we  have  for  the  total  heat  generated 

The  detennination  of  the  quantity  X  and  of  the  constants  (7  and  R, 
repreneDting  the  lo^st^s  by  conducfciou  and  radiation,  will  be  dealt  with  later 
(pars.  30,  43  aud  45). 

Also  the  total  work  done 

U  =  2w  (N,  -  if,)  (M  +  mX  ^m 

where  m  =  error  in  balance  of  the  brake.     This  error  will  be  dealt  with  sub- 

aecjuently  (par.  29). 

If  the  capitals  H  and  U  refer  to  trials  with  a  large  turning  moment  an 
the  brake,  and  the  small  letters  h  and  u  i*efer  to  trials  with  a  email  tuming 
moment,  then  fur  our  value  of  the  mean  specific  heat  of  water  iu  niechaiik-sil 
units  we  have 

This  quantity  K  is  not  strictly  the  same  as  the  mechanical  equivalent 
of  heat,  of  which  other  determinations  have  been  made,  since  we  are  here 
dealing  with  the  mean  specific  heat  of  water  between  freezing  and  boiling- 
points. 

For  this  reason  it  has  been  decided  not  to  use  the  usual  symbol  J,  at  any 
rate  at  this  stage  of  the  research. 

19.  As  an  illustration  of  the  method  of  tabulating  and  reducing  the 
observations,  I  append  all  that  were  taken  in  trials  GO  and  72  made  on  the 
7th  and  8th  July,  1896,  respectively. 

It  will  be  seen  that  all  the  observations  of  temperature,  together  with 
the  readings  of  the  speed  indicator,  which  were  made  during  the  actual 
progress  of  each  trial,  are  given  on  pages  679  and  681  respectively. 

With  the  exception  of  the  two  readings  of  the  speed  indicator  tiiken  at 
the  moments  of  starting  and  finishing  each  trial,  and  shown  in  brackets  at 
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the  top  and  bottom  of  column  No.  8,  I  was  personally  responsible  for  alt 
observations  recorded.  These  two  observations  were  made  by  the  assistant 
in  charge  of  the  hand  brake  and  artificial  atmosphere. 

In  the  tables  of  temperature  and  speed  observations 

Col.  1  gives  the  times  at  which  observations  became  due,  the  whole 
period  of  62  minutes  being  divided  into  81  two-minute 
intervals. 

Col.  2  gives  the  temperatures  of  supply  of  the  water  Ui  the  brake. 

Col.  3  „  „  discharge  of  the  water  from  the  brake. 

Col.  4  „  „  the  air  in  the  engine  room. 

Col.  0  „  „  the  stuffing-box  cover. 

Col.  6  „  „  the  lower  brass  of  the  main  bearing. 

Col.  7  „     fall    of    temperature    between   the    stuffing-box    and 

bearing,  being  the  diffi3rence  of  Cols.  5  and  6. 

Col.  8  gives  the  readings  of  the  speed  indicator. 

Observations  of  the  revolution  counter  and  of  the  weight  of  the  tank 
before  and  after  each  trial,  are  given  on  pages  678  and  680  respectively. 

As  I  had  to  take  all  the  observations  myself,  it  was,  of  course,  impossible 
to  make  them  simultaneously  at  the  times  indicated  in  Col.  1.  They  were, 
however,  always  taken  in  the  same  order,  as  follows. 

When  the  time  for  the  next  ensuing  series  of  observations  had  arrived 
as  given  by  a  watch  lying  on  the  table  at  my  side,  I  immediately  read  the 
temperatures  of  supply  and  discharge  and  the  speed  gauge  in  the  order 
named,  and  after  reading  the  three  I  entered  them  in  the  note-book.  This 
generally  took  about  a  quarter  of  a  minute.  If  then  a  reading  of  the 
atmospheric  temperature  was  due,  it  was  next  taken  and  entered.  After 
that  the  tempei-atures  of  the  stuffing-box  cap  and  of  the  bearing  were 
noted  in  their  turn,  the  whole  series  of  observations  being  made  in  1  or 
1^  minutes. 

The  interval  which  then  elapsed  before  the  next  series  of  observations 
became  due  was  often  fully  occupied  in  making  adjustments  of  the  regulat- 
ing valve  controlling  the  main  wjiter  supply  to  the  brake ;  of  the  cock 
regulating  the  supply  to  the  stuffing-box ;  and  of  the  speed  of  the  turbine 
driving  the  pump,  small  alterations  at  all  these  points  being  frequently 
necessary. 

At  the  head  and  foot  of  Cols.  3  and  8  will  be  seen  observations  in 
brackets.     These  observations  were  taken  at  the  moments  of  starting  and 
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inidiiig  the  triaKaml  werf  required  in  the  nalenlfttion  of  a  terniinft]  eorpficiwii 
to  he  referred  to  later. 

At  the  nlimf  of  <nu'h  trial  a  mean  of  thf*  observations  nrcitrring  id  OoK 
2,  3,  4.  5  ami  7  wjim  niiwle,  the  two  obflervationa  in  brackets  in  (JoL  t?  being 
otnittL-ti  ill  aalciilating  thefie  means. 

Oil  page8  678  and  080  additive  coiriK^tions  to  the  weight^s  and  to  th*^ 
mean  teniperatiiren  of  i*upply  and  discharge  are  given.  These  mil  be  referrwl 
to  later. 

It  will  be  uotieed  that  in  neither  of  the  trials  choi^n  was  there  any  leakage 
of  water  from  iht*  atuffiixg-hox. 

The  observations  rim  givtm  again  in  the  partially  reduced  form  whirh  hm 
been  adoptetl  for  the  finiil  tahnlatinn  of  the  results  on  p.  682*  i 

Cob*  I  to  8  iihould  be  self-explanatory.  ^^ 

CoL  9  gives  the  fimt  approximation  to  the  heat  genemtc^l,  ohtniiUH} 
by  multiplying  the  weight  of  water  by  its  mean  riae  in  km 
perature. 


ban 


Cot  11  gives  the  difference  of  the  temperature  of  the  stiifKn^-l 

(BiippoBed  to  be  a  meaaure  of  that  of  the  water  leaking  fpQtt<9 

it),  and  the  temperature  of  aupply. 

Col.  12  gives  the  loss  of  heat  due  to  this  leakage,  and  rej)resents  the 
product  of  Cols.  10  and  11. 

Col.  13  gives  the  rise  of  temperature  of  the  bnxke  during  the  trial 
and  is  assumed  to  be  e(|ual  to  the  difference  of  tlie  two 
temperatures  given  in  brackets  in  the  table  of  tempeniture 
observations  (Col.  3). 

Col.  14  gives  the  terminal  correction  to  the  heat  required  on  account 
of  the  increase  of  heat  in  the  brake  itself  during  the  trial. 

Col.  15  gives  the  difference  between  the  mean  temperature  of  the 
stuffing-box  and  of  the  shaft  bearing.  As  already  explaiutMl 
the  loss  of  heat  by  conduction  has  been  assumed  proportional 
to  thi«  difference,  and  a  determination  of  its  amount  will  !>• 
given  later.  At  present  it  is  sufficient  to  say  that  a  loss  of 
12  thermal  units  occurred  per  trial  per  unit  fall  of  tempem- 
ture  along  the  shaft. 

Col.  10  gives,  therefore,  the  product  of  this  difference  x  12,  which 
represents  the  total  loss  by  conduction. 
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Col.  17.  The  ditference  of  temperature  between  the  brake  and  the 
surrounding  air  was  taken  as  being  equal  to  the  difference 
of  the  mean  discharge  temperature  of  the  water  and  that 
of  the  air.  The  determination  of  the  constant  representing 
the  loss  of  heat  per  unit  difference  of  temperature  is  given 
later,  and  consequently, 

Col.  18  gives  the  product  of  this  constant  x  the  difference  of  tem- 
perature in  Col.  17. 

Col.  19  gives  the  sum  of  the  heat  in  Col.  9  added  to  all  the  corrections 
afterwards  given. 

A  further  Table  (p.  682)  gives  the  work  done,  and  the  corrected  values 
of  the  heat  generated  in  these  two  trials,  and  the  differences  between  them. 

The  value  of  ^in  the  last  column  is  then  found  by  dividing  the  difference 
of  work  in  Col.  4  by  the  difference  of  heat  in  Col.  6. 

A  slight  inaccuracy  has  been  pointed  out  to  me  by  Professor  Reynolds 
in  the  method  of  finding  the  mean  temperatures  of  supply  to  and  discharge 
from  the  brake.  It  was  originally  intended  that  the  trials  should  be  of 
exactly  one  hour  s  duration,  and  that  the  first  series  of  readings  should  be 
taken  one  minute  after  the  start.  It  was  found  impossible  to  do  this,  on 
account  of  the  number  of  points  requiring  attention  in  the  first  few  minutes, 
and  consequently  I  made  all  trials  62  minutes  long,  and  took  the  first 
reading  two  minutes  after  starting.  The  mean  used  has  not  therefore  been 
obtained  strictly  in  accordance  with  the  middle  breadth  rule.  Any  error 
introduced  would  be  of  the  occasional  type,  and  should  be  eliminated  in  the 
mean  of  a  number  of  trials. 


Trial  began  at  11.17  A.M.,  and  ended  at  1219  RSL 

Reading  of  revolution  cauuter  after  trial 

„        before  trial     . 
Number  of  revolutions  during  trial 

Weight  of  tank  and  watm*  after  trial   . 

before  trial 

Weight  I  if  wattu'  dis€h)trgi.'d  by  brake  during  trial 
including  leakage  from  bottom  cock 

Mean  temperature  of  water  in  the  discharge  pipe  . 

supply  pipe 
Mean  rise  of  temperature  of  the  water   . 

Weight  of  water  caught  from  stuffing-box  . 

Temperature  of  water  entering  the  tank    . 


$00ft.-l 


,     17,548 

,     8ll1M-5tbi 
,     :H2'16  +  '4  „ 

.     4G8-88  lbs. 

212007   F.-h -04 
33-595        --52 
178-972  F. 

=  01b. 

=  100  F. 
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TimeK 


Beg}iu  11.17 
19 
21 
23 
25 
27 
21) 
31 
33 
35 
37 
39 
41 
43 
45 
47 
49 
51 
53 
55 
57 
59 
12.01 


5 
7 
9 
11 
13 
15 
17 
19 


Ended 


MeanH . 


2 

3 

4 

5 

6 

7 

Temperatures 

FaUof 

tempera- 

ture 

Water 

supplied 

to 

brake 

Water 

discharged 

from 

brake 

Air 

Stuffing- 
box 
cover 

Lower 
brass  of 
bearing 

between 
stuffing- 
box  and 
bearing 

o 

(212) 

o 

o 

o 

o 

3357 

211-9 

74-4 

... 

... 

33-5 

212-0 

•  •• 

... 

... 

33-57 

212-3 

75-7 

107 

107 

... 

33-58 

211-3 

... 

... 

... 

•  ■• 

33-58 

211-5 

76-0 

•  •• 

••• 

... 

33-58 

212-2 

... 

*■. 

... 

33-57 

211-1 

76-4 

ici) 

110 

-1 

33-6 

211-0 

. . . 

... 

... 

,,, 

33-6 

211-0 

76-5 

... 

... 

... 

33-6 

214-9 

... 

•  •• 

•  •• 

33-6 

213-7 

77-'5 

109 

111 

-2 

33-62 

213-3 

... 

... 

33-6 

213-2 

7(5-8 

... 

... 

... 

33-59 

212-2 

... 

... 

• . . 

33-64 

211-5 

77-0 

li'o 

Ill 

-1 

33-62 

211-8 

... 

... 

... 

... 

33-64 

212-0 

78-1 

... 

... 

33-59 

212-3 

••• 

... 

... 

33-59 

2121 

76-5 

lib 

HI 

-1 

33-58 

212-2 

... 

... 

... 

33-6 

211-8 

77-8 

... 

•  •• 

... 

33-62 

211-9 

•■• 

... 

•  •• 

33-61 

2120 

78-3 

115 

113 

2 

33-62 

211-5 

... 

... 

... 

33-6 

212-0 

79-0 

•  ■• 

... 

... 

33-57 

211-6 

•  ■• 

... 

... 

... 

33-59 

211-6 

76-8 

112 

113 

-1 

33-57 

211-5 

... 

... 

... 

33-6 

211-3 

77-1 

... 

... 

33-66 

211-5 

... 

•  .* 

... 

... 

... 

(212) 

... 

... 

.*. 

... 

33-595 

212007 

76-9 

110-3 

... 

-•67 

Readings 
of  speed- 
gauge 

(revolu- 
tions per 

minute) 


(302) 
300 
302 
302 
303 
302 
304 
302 
299 
299 
303 
301 
301 
299 
301 
301 
303 
304 
299 
301 
301 
301 
302 
301 
300 
300 
300 
297 
300 
301 
301 

(302) 


Mamout  on  the  brake 

Trial  Wgaa  ILU  AM.,  and  ended  12.13  ril 

R€*ftding  of  revoliitiou  counter  after  trial 
,,  „  „  before  trial     * 

Nmuber  of  rovolutious  duriog  triaJ 

Weight  of  tank  and  water  after  trial    . 
„  „  „        before  trial . 

fWeight  of  water  discharged  by  brake  during  trial/^ 

including  leakage  from  bottom  cock  . 

Mean  temperature  of  water  in  the  discharge  pipe 

supply  pipe 
Mean  rise  of  temperature  of  the  water     . 

Weight  of  water  caught  from  stuffing-box 

Temperature  of  water  entering  tank 


1200  ft.-! 


,  146  Jll 
.  129.0(M} 
,       17,311 

1283  50- 1-31 IW 
347  lit    41b. 


934-58  lbs. 


212  46  F.H- 04 
34-706'    -00 
178-344^  F. 

.     =01b. 

.     =101'F. 
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1 

2 

3 

4 

5 

6 

7 

8 

Temperatures 

Fall  of 

tcimpern- 

tiir@ 

Readings 
of  speec- 

Times 

Water 

supplied 

to 

brake 

Water 

discharged 

from 

brake 

(212-4) 

Air 

• 

Stuffing- 
box 
cover 

Lower 
brass  of 
bearing 

lietvvccn 

hoTL  and 
bearing 

gauge 
(revolu- 
tions per 
minute) 

Began  11.11 

o 

o 

o 

(300) 

13 

34*74 

212-3 

72-b 

•  >. 

... 

... 

302 

15 

34-8 

211-5 

... 

... 

300 

17 

34-71 

212-8 

73-7 

97 

99 

-i 

304 

19 

34-7 

212-9 

... 

... 

... 

..* 

303 

21 

34-69 

211-7 

74-0 

... 

..• 

... 

299 

23 

34-72 

212-0 

... 

... 

... 

... 

302 

25 

34-7 

212-6 

73-3 

101 

101 

■+. 

303 

27 

34-77 

212-8 

... 

... 

... 

307 

29 

34-78 

213-5 

74-4 

... 

... 

... 

302 

31 

34-77 

214-0 

. 

... 

... 

300 

33 

34-69 

213-2 

74-7 

101 

102 

-i 

301 

35 

35-0 

213-2 

... 

... 

... 

299 

37 

34-6 

214-0 

75-6 

•  •• 

... 

303 

39 

34-7 

214-4 

. . . 

•  «• 

... 

.,. 

307 

41 

3476 

214-0 

74-7 

104 

103 

'i 

302 

43 

34-79 

212-8 

... 

... 

... 

... 

30-1 

45 

34-66 

2130 

74-8 

... 

.., 

301 

47 

34-75 

212-3 

•  •• 

300 

49 

34-66 

211-6 

75-7 

105 

104 

i 

297 

51 

34-68 

211-2 

... 

... 

... 

302 

53 

34-68 

212-0 

75-4 

•  «. 

... 

302 

55 

34-66 

211-6 

... 

... 

299 

57 

34-66 

211-0 

75-3 

104 

105 

-1 

297 

59 

34-58 

211-3 

•  •« 

... 

••• 

302 

12.01 

34-6 

212-3 

76-0 

... 

... 

... 

:W5 

3 

34-59 

212-9 

... 

... 

299 

5 

34-67 

211-8 

76-0 

107 

1()6 

1 

301 

1                      7 

34-7 

211-4 

... 

•  •  • 

302 

9 

34-69 

211-9 

75-8 

. .. 

. .. 

**• 

304 

11 

34-68 

211-8 

... 

... 

... 

302 

Ended     13 

1 

... 

(211-6) 

... 

... 

... 

... 

(300) 

i    Means 

i 

34-706 

212-46 

74-8 

102-7 

-0-14 

... 

c; 

« 

ij? 

C-i 

('^qi  u*  -'"'^p  t-»^'A\ 

i 

" 

oc 

(.•J' 

5j«iis 

T 
o 

aujHud  J  I)  8irnjio[OAa4  |o  'o^ 

1- 

-f 

('sni-lj)  ^amoK 

i 

L 


^iwjw  jO  smix 


■OK  I«IJX 


o 

<?!  -^  ^ 


g 


s  o 

■5>s 

l§ 


<      < 


s  g 
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The  Barometer. — (Part  I.,  par.  47.) 

20.  Before  dealing  with  the  thermometers  and  their  corrections,  it 
becomes  necessary  to  describe  a  combined  barometer  and  manometer  which 
was  constructed  to  mefisure  the  pressures  of  steam  employed  in  the  de- 
termination of  the  boiling-points  on  the  thermometer  used  to  measure  the 
discharge  temperature. 

The  structural  details  of  this  instrument  are  given  in  Professor  Reynolds' 
paper.  At  present  it  is  sufficient  to  say  that  it  consisted  of  a  cast-iron, 
bottle-shaped  reservoir,  through  the  neck  of  which  the  glass  tube  holding 
the  mercury  column  was  carried  in  a  stuffing-box,  which  made  a  perfectly 
air-tight  joint  between  the  ghiss  and  the  reservoir.  The  pressure  to  be 
measured  was  introduced  through  a  small  iron  pipe,  which  penetrated 
horizontally  the  cast-iron  wall  of  the  reservoir,  and  then  turned  vertically 
upwards  till  its  open  mouth  stood  above  the  level  of  the  mercury  inside. 
Two  circular  plate-glass  windows  in  the  reservoir  walls  provided  a  means 
of  ascertaining  the  level  of  the  mercury  surface.  In  order  to  measure 
the  height  of  the  mercury  column  suppoi-ted  by  any  external  pressure, 
a  brass  sleeve  was  made,  which  fitted  outside  the  glass  tube  and  the  upper 
part  of  the  reservoir.  This  sleeve  consisted  of  a  piece  of  |-inch  diameter 
brass  pipe  fixed  into  a  conical  brass  casting,  which  carried  a  truly-turned 
bevelled  edge  at  its  lower  extremity.  This  conical  casting  engaged  by  an 
internal  screw  of  twenty  threads  to  1  inch  with  the  neck  of  the  cast-iron 
reservoir.  The  upper  part  of  the  sleeve  carried  an  internal  thread  of  the 
same  pitch,  and  into  this  was  screwed  a  second  piece  of  pipe  through  which 
two  long  narrow  slits  were  cut  at  opposite  extremities  of  a  diameter.  A  third 
piece  of  brass  pipe  engaged  with  the  upper  end  of  the  piece  just  mentioned, 
and  was  provided  at  its  lower  end  with  a  truly-turned  bevelled  edge. 

In  use  the  bevelled  edge  on  the  conical  brass  casting  was  first  adjusted 
to  the  surface  of  the  mercury  in  the  reservoir,  and  then  the  upper  bevelled 
edge  was  adjusted  to  the  surface  at  the  top  of  the  mercury  column. 
Suitable  horizontal  and  vertical  scales  were  provided  to  enable  me  to 
measure  the  vertical  distance  between  these  two  bevelled  edges  to  fJ}^^^  of 
an  inch. 

It  was  necessary  to  standardise  this  scale  (Part  I.,  par.  44).  There  is 
a  Whitworth  measuring  machine  in  the  laboratory,  which  is  provided 
amongst  others  with  standard  end  gauges  of  9  inches  and  3  inches  long 
respectively. 

Two  new  steel  standards  were  made  by  Mr  Foster  as  nearly  as  possible 
of  the  same  length  as  the  9-inch  Whitworth,  and  by  means  of  the  measuring 
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niiichjikc  I  determined  their  exact  lengtlia  a.s  tbllMWs,  thn^e  coinparisoas  being 
made  of  the  two   new  gaAiges  with  the  standard.     The    table    shows 
readiiigM  obUxined. 


BeodinfiH  on  di-j 
Tid«d  whe^  af> 
miiohba           } 

gauge.  No*  1          1           gafig«r  ^^'  *^ 

DDOU 

D-oons 

Sog 

CHJUoy 
o-woafl 

Mean  roadingn,,. 

OHXJl  12 

0-001007 

O'OOO&lS 

TruG  lengths...... 

9  inches 

Smcheo  -OWOnS 

d  mchos  -0<300m 

Tliese    throe    O-iach    standards,    together    with    the   34ncb    Whitwi 
therefuru  g^ave  a  length  when  placed  end  to  end  uf 

30  inches  -  OOmW  inch. 


orl^ 


The  next  operatiun  wa**  to  construct  a  swingle  Rfceel  standard  with  a  lenjjth 
of  approximately  30  inches.  This  bar  bt^ing  made,  and  the  mea'^uring 
machine  not  being  long  enough  to  accommodate  30  inche^/the  meiisoreniijnt^ 

were  made  between  t(ie  centres  of  a  Kirge  lathe  in  the  lab<jr"atorv\  Two 
centres  were  made  with  polished  flat  ends.  The  one  was  put  in  the  fixeil 
headstock,  while  the  second  was  carried  by  the  movable  sleeve  of  the  loose 
hejidstock  which  had  previously  been  securely  bolted  to  the  lathe  bed  in 
a  convenient  position.  A  temporary  wooden  trough  wa^  made  to  carry 
our  four  short  standards,  and  correctly  line  them  between  the  two  centres. 
The  reciprocating  centre  in  the  loose  headstock  was  then  gradually  screwed 
up  till  the  gravity  piece  of  the  nKuisuring  machine  just  floated  between 
the  end  of  the  adjacent  standard  and  the  centre.  A  mark  on  the  hand- 
wheel  actuating  the  centre  was  next  fixed  by  means  of  a  pointer.  The 
four  standards  were  then  removed,  and  the  30-inch  bar  substituted  for 
them,  and  the  operation  of  bringing  up  the  centre  repeated.  The  circum- 
ferential distance  separating  the  pointer  from  the  mark  on  the  hand- wheel 
was  then  carefully  measured. 

A  series  of  five  of  these  observations  were  made,  and  the  following 
readings  taken,  viz. : — 

(1)  -0-1    inch,       (8)     -f  0*01)  inch,       (5)     -f  008  inch. 

(2)  -0-05  inch,       (4)     -f  002  inch, 

Mean  =  -  0-002  inch. 
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The  hand-wheel  had  a  diameter  of  9\  inches,  and  was  fixed  to  a  screw 
of  ^-inch  pitch. 

The  30-inch  bar  was  therefore  short  of  the  length  of  the  four  steel 
standards  by  00000138  inch. 

Its  correct  length  was,  therefore, 

30  inches  -  00003  inch. 

As  the  barometer  was  only  graduated  to  0*001  inch,  no  error  was  intro- 
duced in  assuming  the  bar  to  be  exactly  30  inches  long. 

(Part  I,  par.  48.) — For  the  purpose  of  transferring  this  standard  30  inches 
to  the  brass  sleeve  forming  the  scale  of  the 
barometer,  a  circular  cast-iron  surface  plate 
was  made.  This  plate  had  two  pieces  cut  out 
of  it,  as  shown  in  the  sketch.  The  plate  was 
fixed  with  its  surface  level,  and  then  the  brass 
sleeve  was  placed  centrally  upon  it,  standing 
upright  on  its  lower  bevelled  edge.  In  this 
position  the  portion  of  the  surface  between 
the  two  grooves  cut  in  the  plate  corresponded 
exactly  to  the  surface  of  the  mercury  in  the 
barometer  between  the  two  windows  pre- 
viously mentioned.  As  it  was  probable  that 
in  actual  use  the  lower  bevelled  edge  would 
be  slightly  above  the  mercury  surface,  the 
sleeve  was  packed  up  by  means  of  some  very 
fine  sheets  of  tissue  paper  till  a  line  of  light 

could  be  seen  under  it.  Four  sheets  were  necessary  to  effect  this;  one 
of  these  was  removed,  and  then  the  standard  30-inch  bar  was  placed  inside 
the  brass  tube,  standing  with  one  end  on  the  surface  plate.  The  upper 
bevelled  edge  was  then  adjusted  till  the  line  of  light  between  it  and  the 
top  of  the  steel  standard  was  obscured,  and  the  scale  was  made  to  read 
30  inches  in  that  position. 

Together  with  Mr  Foster  I  made  this  adjustment  a  number  of  times, 
but  after  once  fixing  the  30-inch  mark,  the  reading  of  the  length  of  the 
steel  standard  never  varied  by  as  much  as  0*0003  inch  from  30  inches. 

Unfortunately,  the  comparison  was  made  at  a  temperature  of  67°  Fahr., 
while  the  standard  temperature  of  the  Whitworth  gauges  was  60°  Fahr. 
A  formula  of  reduction  of  the  readings  of  the  barometer  therefore  became 
necessary  at  all  temperatures. 


Section   A  B 
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Taking  for  the  coeflficieut  of  linear  expausioo  of  hms^  per  ^  Fahr.  0<XKM)1'2 

steel          „  OOOO^KWS 

„                    rt                    „                    »p        the  mercury 
eDlutnn  of  the  barometer..., ...*, OOOOl 


Then  at  07"  Fahr.  the  true  length  of  th<^  bi-ans  barometer  ma^]** 

^        1  -f  ^5  X  01)000006 
"  '     1  4  28  X  0"O00O066 

=  30  000138  iiichea 


^ 


To  find  T,  the  temperature  at  which  the  scale  giveB  ct^rrect  readings 
we  have,  if  r  =  e  +  32\ 

1+  g  X  0*000012  _  _  30 
1  +  35  X  0  000012  "  3Oi)O0l3S  ' 

which  gives  /-  =  3r  and  r=  63'' Fahr. 

The  coefBcient  of  expanE^ion  of  the  mercury  cohitun  relative  to  the 
scmie  k  0-00008H. 

Now  if  n>p—  rcftding  of  barometer  in  inches  at  T""  Fahr.,  and  as  before 

then  the  fforre^pmidini^  corrected  height  of  the  cohmm  at  a  temperature  of 
63"  Fahr. 

1  H-  31  X  0000088 
1  4-  ^  X  0000088 


=  H,n  =    .    .    . ;r-7r^^^^,^    Ht 


1002728        „ 


1  4-  ^  X  0000088 

and  if  ^^  =  the  corresponding  pressnre  reduced   to  inches  at   the  freezing- 
point,  then 

i7c:,  =  //o  (14- 00031). 

Therefore  for  any  required  pressure  Hq  inches  at  a  temperature  of 
32"^  Fahr.,  the  corresponding  reading  at  7°  Fahr.  is 

„       1  +  0000088^  „      _  ^..^- 
^-=     r002728      ^oxl'^^'^1' 

or,  allowing  for  the  capillarity  depression  in  a  half-inch  tube,  this  becomes 

Hj,  =  (1-00037  4-  00000880  Ho  -  0009. 

This  formula  has  been  used  throughout  to  determine  the  steam  pressures 
required  for  the  verification  of  boiling-points  to  be  discussed  later  (pars.  2.*^ 
and  24). 
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The  Thermometera. 

21.  The  thermometers  used  for  the  measurement  of  the  temperatures 
of  supply  and  discharge  of  the  stream  of  water  passing  through  the  brake 
were  supplied  by  Mr  J.  Casartelli  of  Manchester. 

Their  indications  were  read  through  the  glass  waits  of  their  respective 
chambers  by  eye  simply,  pai*allax  being  avoided  by  the  use  of  a  small  mirror 
placed  behind  the  thermometer  in  each  case. 

Freezing-point  Thei^mometers. 

22.  Two  similar  thermometers  were  obtained,  one  only  of  which  was 
ever  used  during  the  experiments.  This  was  a  chemical  thermometer, 
bearing  the  laboratory  mark  2Q,  with  a  J -inch  diameter  stem  having  its 
scale  very  plainly  etched  in  black  linos  on  the  glass.  The  length  was 
11 J  inches  over  all,  the  bulb  being  IJ  inches  long,  and  then  at  a  distance 
of  2J  inches  from  the  top  of  the  bulb  the  gi*aduations  began.  The  scale 
extended  from  t30°  to  45°  Fahr.,  6f  inches  of  the  stem  being  occupied  by 
the  15"  mentioned.  Each  degree  was  divided  into  tenths,  and  it  was  easy 
to  estimate  to  the  hundredth  of  a  degree. 

The  index  ern)r  of  this  thermometer  was  repeatedly  checked  during  the 
whole  period  occupied  by  the  research  by  being  immersed  in  a  mixture  of 
pounded  ice  and  water. 

The  table  appended  gives  the  corrections  and  the  dates  on  which  tests 
were  made : — 


Date 

Reading 

31-7 

31-71 

31-67 

31-67 

31-57 

32-48 

32-46 

32-46 

32-47 

32-47 

32-52 

Correction 

5th  December,  1895 

20th  December,  1895 

9th  Jamiary,  189G    

17th  Jamiary,  1896    

3l8t  January,  1896    

6th  February,  1896 

20th  Febniary,  1896 

16th  March,  1896  

+0-3 
+0-29 
+  0-33 
+  0-33 
-I-0-43 
-0-48 
-0-46 
-0-46 

2l8t  April,  1896 

-0-47 

26th  June,  1896 

-0-47 

7th  Julv.  1896  

-0-52         1 

1 

Before  making  the  test  on  January  31st  the  hot  water  from  the  brake 
backed  up  round  this  thermometer,  so  that  the  sudden  alteration  in  the 
reading  is  accounted  for  to  some  extent. 
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Ako  Up  to  this  titiie  part  of  the  mercury*  had  rorimined  sturk  m  the 
upper  bulb,  but  Dr  Harkcr,  of  the  Phyeical  Department,  now  succeeded  b 
bringing  th*>  separated  mercury  down  into  contact  with  the  eohtinn  belov. 

By  pcnuisision  of  Ur  Bohu^ter  the  schIl*  of  this  thermometer  was  cotu-fl 
pared  by  Dr  Marker  on  thu  27th  April,  1896^  with  a  standaixiised  therniomet*=T  ' 
(Bautlinj  No.  12,771)  in  his  possesBion  betweeu  the  points  32"  and  S5' Fahr. 

This  eompari.son  showed  that  the  correetiau  of  —  0  47  as  obtained  m 
April  21st  was  correct  between  33'^  and  34 \  which  was  the  part  i>f  the  sicalii 
umd  in  most  of  the  experiments  up  to  that  date. 

At  35",  however,  the  correction  increaaed  to  —  0'5,  and  consequently  ifi 
the  later  exiJeriinentfl,  wheu  the  temperature  of  supply  in  the  heavy  tria 
approached  this  point,  a  suitable  correctiou  wan  made  to  that  already  ob 
tained  by  iminermon  in  the  mixturt!  of  fwjurided  ice  and  water. 

Bmling-pmtd  Tftermmuetsrs, 

2S.    In  the  first  instance  two  similar  thermometers  were  ntsde  ta  i 
to  be  really  for  UMe  in  the  discharge  tube,  but  un  one  of  thesa  being  Iroken*^ 
two  additional  ones  were  obtained.     Only  one  of  the    four    w^,  however, 
used  in  the  research,  viz.,  PL  v 

This  was  a  chemical  thennometer  with  a  J-inch  stem,  having  the  ^scsle 
engraved  as  already  described.  The  length  was  16i  inches  over  all,  the 
bulb  being  1^  inches  long,  and  a  blank  space  of  5 J  inches  separating  the 
top  of  the  bulb  from  the  first  graduation.  The  scale  extended  from  200 
to  220°  Fahr.,  the  20°  occupying  8|  inches  of  the  stem. 

During  the  course  of  an  experiment  the  reading  of  this  thermometer  was 
continually  altering  slightly.  This  fluctuation  made  it  almost  impossible  to 
read  the  temperatures  to  y^th  of  a  degree.  So  that  only  the  nearest  -j^th 
of  a  degree  has  been  recorded  throughout. 

The  English  standard  boiling  point,  viz.,  212°  Fahr.,  is  defined  to  be  the 
temperature  of  saturated  steam  under  a  pressure  which  w^ould  sustain  a 
column  of  mercury  29905  inches  long  at  the  temperature  of  melting  ice  at 
the  sea  level  in  the  latitude  of  Greenwich. 

This  corresponds  exactly,  on  being  corrected  for  the  variation  in  the 
value  of  gravity,  to  the  modern  definition  of  the  boiling  point  on  the 
Centigrade  scale,  the  pressure  in  this  case  being  equivalent  to  a  column  of 
mercury  7600  millims.  long  in  latitude  45',  the  other  conditions  being  as 
before. 

It    was   consequently    possible    to    use    Regnault's   steam    table    in    the 
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neighbourhood  of  the  atmospheric  boiling  point  as  a  standard  of  comparison 
for  the  scale  of  this  thermometer. 

In  order  to  conduct  the  comparison  in  Manchester,  a  knowledge  of  the 
relative  value  of  gravity  was  necessary. 

This  was  deduced  from  a  formula  given  in  *  M^moires  sur  le  Pendule ' 
(Soci6t6  Fran^aise  de  Physique),  which  is  given  below, 

^  =  (1 -000259  cos  2<^), 

ff45 

where  —  is  the  ratio  of  the  vahie  of  gravity  in  latitude  (f>  to  its  value  in 
latitude  45°. 

The  latitude  of  Manchester  being  oB""  29',  this  gives 

^^  =  1-000756. 
9vi 

The  altitude  of  the  Owens  College,  Manchester,  htis  no  appreciable  effect 
on  the  value  given  by  the  above  formula. 

I  give  below  the  table  of  steam  pressures  used  in  the  calibration  of  the 
scale  of  the  thermometer  PI. 


Temperature  on 
Centigrade  scale 

Temperature  on 
Fahrenheit  scale 

Pressure  of  steam  in 

milhms.  of  mercury 

reduced  to  0°  C.  and  sea 

level  in  lat.  45"" 

Pressure  of  steam  in  inches 

of  mercury  reduced  to  0"  C 

and  sea  level  in  latitude  of 

Manchester 

99 
100 
101 
102 

2l6'2 
212-0 
213-8 
215-6 

733-305 

760000 
787-590 
816010 

28-849 
29-899 
30-984 
32102 

24.     The  general  arrangement  of  the  apparatus  used  to  check  the  scale 
of  the  thermometer  Pi  will  be  gathered  from  the  annexed  sketch  (Fig.  8). 

A  is  an  ordinary  copper  boiling-point  apparatus,  the  steam  from  the 
boiling  water  passing  up  an  inner  tube  in  which  the  thermometer 
to  be  tested  is  hung,  and  then  flowing  down  again  so  as  to  jacket 
this  tube,  finally  escaping  into  the  atmosphere  through  the  cock 
shown.  The  top  of  the  inner  tube  is  closed  by  a  cork  having  two 
holes,  in  one  of  which  is  fitted  a  half-inch  brass  tube  for  connection 
with  the  manometer,  the  other  carrying  the  thermometer. 

-B  is  a  glass  flask  containing  an  artificial  atmosphere,  of  which   the 
pressure  is  under  control, 
o.  R.   II.  44 
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C  is  the  ci>nibi!ieJ  barornet4*r  mul  manoiaeter  n^ed  Uj  measure  tkt 
prusMurt^  ill  ^4  aud  B. 

D  m  the  tin  riH^tiver  preTioasly  cle^crilud,  the  pressure  in  which  ^ 
kopt  lit  II bout  18  incht'M  of  mercury,  21s  iiieasured  on  a  Ug&n^^ 
Thi«  itKHnvtr  is  in  free  coiintiuuinitiuti  thmagh  a  ciipillary  gb» 
tiibt*  with  the  tubt*  ccmnectiiig  tlit*  tlask  U  and  th^  manomoUsr  C 

The  bore  of  tlie  fapiUiiry  tube  jii8t  mentioned  b  just  sufficient  to  admit 
a  very  small  8treuiri  of  air  hxnn  the  receiver  through  the  HiLsk  ii,  and  m  mi 
\i\Ui  the  atniosphere  by  way  of  the  ccick  on  the  boiler.  The  object  of  this 
stream  of  air  \sn^  to  ecmtittjmet  the  tetidency  of  the  s^tteaui  in  the  biiikr  to 
diffuse  dottTi  the  corineetiiig  rubber  tube  iuto  the  Hask,  where  condrti3.Hatit«i 
would  occur,  and  posaibly  some  water  might  get  into  the  barooieter,  it 
having  been  found  quite  itiipossible  to  keep  a  steady  preasure  in  tiie 
aj>|>aratU8  whenever  the  iteam  nittde  ita  way  aa  far  aa  the  glass  Hask,  B, 


I  ig.  M.     Apjinratan  for  checkiiig  buUtng-poiDlfi. 


Fig.  W. 


The  boiler  was  well  laggeri  aud  ]iri»tefte<l  as  fur  as  practicable  ivM 
dmughts.  A  theruumjetcr  wii^  hung  aluugsitle  the  bnkss  neide  tuK^  of  ibt 
barometer,  aod    iu   reading   was   a.ssuined    lu    be    the    ten ipei"a lure    ot  ih<^ 


ri 
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barometer.  Allowance  having  been  made  for  this  temperature,  the  steam 
escape  cock  was  adjusted  till  the  pressure  inside  the  apparatus,  as  measured 
in  the  barometer,  was  at  the  required  level.  A  reading  was  then  taken  of 
the  thermometer  under  examination.  The  stem  was  pushed  as  far  as  possible 
into  the  boiler,  the  reading  standing  about  a  quarter  inch  above  the  top  of 
the  cork.  Since  there  was  always  some  escape  of  steam  which  blew  up  the 
hole  in  which  the  thermometer  was  inserted,  it  was  not  thought  necessary 
to  attempt  to  make  any  correction  for  the  exposed  part  of  the  stem. 

The  annexed  table  gives  the  readings  taken  from  this  thermometer  when 
immersed  in  steam  of  various  known  temperatures  and  the  dates  on  which 
the  tests  were  made : — 


KeadingR  obtained  from  thermometer  PI  when  immersed 

in  Bteam  at  temperature 

Correction 

Date 

need  in 
experi- 

212°                           213°-8 

1 

215°-6 

ments 

28  Nov.,  1895 

211-43                       213-26 

215-01 

+0-57 

4  Doc.,  1895 

211-44 

213-28 

21503 

+0-56 

5  Dec.,  1895 

211-5 

213-33 

215-07 

+  0-5 

6  Doc.,  1895 

211-51  (rising) 

... 

... 

1   +0-48 

211-53(falling) 

•.. 

12  Dec.,  1895 

At  temi)era,tiire210''-46reading 

was  210"-05 

9  Jan.,   1896 

... 

213-38  (rising) 

... 

}   +0-44 

213-40(falling) 

... 

17  Jan.,  1896 

••• 

213-49 

+0-34 

23  Jan.,  1896 

... 

213-49 

... 

+0-34 

31  Jan.,  1896 

... 

213-49 

... 

+0-34 

8  Feb,  1896 

211-76                       213-57 

215-3 

+  0-24 

20  Feb.,  1896 

211-78                        213-6 

215-34 

+0-22 

At  2ir-34  reading  was 

2iri 

16  Mar.,  1896 

211-86               i          213-66 

215-4 

+  0-14 

At  '2ir-07  reading  was 

210"'-87 

18  April,  1896 

1         213-7 

215-45 

+  011 

15  June,  1896 

211-94               !          213-74 

215-5 

+0-06 

6  July,  1896 

211-96              1          213-75 

215-52 

+0-04 

25.  In  the  case  of  each  of  these  thermometers,  viz.,  Q2  and  Pi,  the 
water  surrounding  them  was  under  a  very  considerable  pressure,  and  it  was 
therefore  necessary  to  determine  the  efiect  of  pressure  on  the  reading  given 
by  each. 

A  piece  of  strong  glass  tube,  Fig.  9,  about  1  foot  in  length  and  |  inch 
inside  diameter,  having  one  end  fused  up,  was  provided  with  a  slightly 
wider  mouth,  in  which  was  inserted  a  small  branch  pipe,  A,  This  branch 
again  split  up  into  two  arms,  one  of  which,  B,  was  connected  through  a  rubber 
tube  with  an  air  receiver  in  which  the  pressure  was  indicated  by  a  U-gauge, 
while  the  other,  0,  communicated  directly  with  the  atmosphere.     Each  of  the 
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branches  B  and  0  ooulc]  lie  clcjaed  iit  will  by  means  of  a  screw  clip  on  tk 
rubber  tubing. 

The  prcsMure  tube  hnvjug  beeti  abiMit  half  filled  with  water,  the  themo- 
mc^cr  under  oonsideratiaii  was  fixed  inside  it  by  means  of  a  cork,  D. 

In  the  case  of  the  freessing-point  thermometer,  Q2,  the  pressure  tube  wis 
then  aurrfiiinded  with  fMUUided  ice.  After  the  cwntained  water  had  cool^ 
sufficiently  for  the  thermometer  inside  to  remain  steady,  the  coramunication 
with  the  atmtisphere  was  closed,  and  the  full  pre.*^sure  of  the  air  receiver  put 
ou  the  thermometer  bulb  by  opening  the  clip  on  the  tube,  B.  The  rise  in 
the  reading  due  to  the  known  rifte  of  pressure  waa  then  noted.  A  number 
of  these  obBervationa  were  made,  uaing  difft^rent  additional  pressure  in  each 
dwe.  The  result  obtained  was  that  for  a  rise  in  pressure  on  the  bulb  due  to 
1  inch  of  mercurj%  the  rise  in  the  reading  wa^  0'0072^, 

In  the  case  of  the  boiling-point  thermometer,  PI,  the  pressure  tube  wa$ 
immersed  in  the  steam  genemfced  in  the  copper  bmler  previously  alluded  to. 
Similar  procedure  gave  in  this  case  a  mean  rise  of  00066^  per  inch  risi?  of 

pressure. 

After  applying  eorreetion^  (to  be  dealt  with  later — par,  *>2>,  rectifying  th^ 
tbennumotric  indieations  on  this  account,  I  think  ti^at  no  error  of  greater 
magnitude  than  OOV  can  have  exteted  in  the  calculated  mean  rise  of  tem- 
perature in  any  triaL 

On  180'  this  gives  accuracy  of  1  part  in  18,000. 

26.  In  addition  to  the  thermometers  just  dealt  with,  three  others  were 
used,  on  the  readings  of  which  depended  the  additive  corrections  to  the  h«it 
already  referred  to.  One  of  these  indicated  the  atmospheric  teniperaturt, 
while  two  others  were  placed  one  ou  the  stuffing-b«)X  and  the  other  ou  the 
shaft  bearing. 

On  the  differences  of  heat  which  were  used  as  the  divisors  in  the  deter- 
mination of  the  equivalent  from  each  pair  of  trials,  these  corrections  all 
became  extremely  small  quantities,  and  therefore  it  was  of  no  importance 
that  small  errors  should  exist  in  these  thermometers.  Their  sciUes  were 
therefore  never  calibrated.  Still  another  thermometer  was  used  to  determine 
the  temperature  of  the  stream  of  water  entering  the  tank.  As  it  was  uiily 
necessary  to  keep  this  temperature  in  each  pair  of  trials  at  the  same  level, 
errors  in  this  thermometer  were  negligible. 
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Weighing  Machine  and  254b.  Weights  used  on  the  Brake. — (Part  I.,  par.  40.) 

27.  The  absolute  value  of  the  unit  used  in  the  graduation  of  the  lever 
of  the  weighing  machine  was  a  matter  of  indifference,  but  it  was  of  vital 
importance  that  the  same  unit  should  be  used  for  the  weighing  machine  and 
for  the  25-lb.  weights  used  on  the  brake. 

A  set  of  iron  weights  were,  however,  sent  down  to  the  Manchester  Town 
Hall,  and  there  compared  with  the  Board  of  Trade  standards. 

The  comparison  of  the  25-11).  weights  with  our  standard  25  lbs.  was  one 
of  the  first  things  undertaken  in  the  course  of  the  investigation.  This  was 
done  by  first  balancing  the  standard  placed  on  the  platform  of  a  small 
weighing  machine  in  the  laboratr)ry  by  adjustment  of  the  rider  weights  on 
the  lever  of  the  machine.  The  standard  was  then  removed,  and  one  of  the 
25-lb.  weights  substituted,  a  balance  being  made  by  adding  to  or  drilling  out 
some  of  the  lead  inserted  in  the  weight. 

This  adjustment  was  accepted  as  perfectly  satisfactory  till  towards  the 
close  of  the  experiments,  when  a  small  difference  in  the  value  of  the  equiva- 
lent as  derived  from  trials  in  which  different  numbers  of  the  weights  were 
used,  seemed  to  suggest  an  error  in  the  weights  themselves. 

Accordingly,  on  the  9th  June,  1896,  I  again  compared  the  weights  with 
the  standaixl  on  a  temporary  balance,  consisting  of  a  simple  lever  with  three 
knife-edges  in  a  straight  line,  with  the  following  result : — 


Weight  number 

True  weight 

1 

2500 

2 

2502 

3 

2503 

4 

25-02 

5 

25-01 

6 

24-99 

7 

2502 

8 

25-02 

9 

25-03 

10 

25-00 

11 

2504 

Hanger 

24-99 

And  a  lead  balance ' 

weight  to  be  referred 

to  later,  which  w( 

sighed  13-98  lbs.  in- 

stead  of  1397 lbs. 

as  assumed. 

On  the  I7th  of  January,  1896,  a  set  of  four  of  these  25-lb.  weights,  at 
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that  time  all  supposed  aecttrate,  were  used  as  a  Rtandarc)  IIH)  lbs*  by  wkkhi 
m*nvii  i*f  correct  iimn  t<>  the  1()0-1K  scale  of  the  weighing  niachioe  wei^ 
ohUiiiied,  These  corrtH^tioim  have  been  used  throughout  the  ttivtstipitioD, 
Wid  Jire  given  below  v — 


Reading 

300  i  400 

500 

eoo     700 

600 

900 

1000 

1 100 

ISOO 

1300  1 

Correction . .  * 

0-4     „, 

-012   "0-42 

-OS 

-0-65 

^112 

^1-22 

-1-31 

-l-TSJ 

Eider  weights  Numbers  2  and  3  were  at  the  same  time  niade  earrectou 
their  wliole  raoge. 

In  June  aiiothor  ooiaparisoo  was  macJe,  and  the  set  of  four  weight*, 
Numben  2,  8,  9,  and  10  wore  found  to  give  i^ubstau tidily  t!ie  same  list  of 
corroctionB  as  previously  obtained. 

The  eoniplete  net  of  weights  were  then  again  weighed  on  th©  weighiii| 

rnmihino,  u^iug  th«i  Hat  of  corrections  given,  together  with  the  true  viiln^  *rf 
the  fitjindard  100  lbs.  The  result  was  a  vtn  ification  of  the  lii^t  of  their  vnjtn^ 
already  given. 

Th©  maximum  error  that  might  possibly  be  produced  by  using  the  weigite 
on  the  biuke  in  specially  arranged  groups  was  found  to  be — 

In  a  pair  of  triak  carrying  moment:^  of  1200  and  (KJO  ft. -lbs,  respectively 
—  01)37  per  cent,  or  +  0  0+3  per  cent.,  and  in  a  pair  of  triaU  rim  with 
nioni*;ntH  of  1200  and  400  tlAh^.  reftpectivrly,  -0025  per  cent,  or  +0-03 
per  cent. 

The  value  of  tlie  equivalent  obtained  from  a  set  of  liix  trials  in  which  lit 
weight^^  had  been  specially  arranged  tu  eliniinate  the  above  posj^iblt^  enw 
entirely,  gave  a  result  which  did  nut  differ  at  all  from  that  previtai^ly  obtamefi, 
and  it  may  therefore  hv  safely  assumed  that  iu  the  first  scries  uf  triak  thtf 
error  did  not  occur  to  any  sensible  extent. 

I  think  that,  especially  with  the  ab{ive  result  in  view,  the  loading  of  dw 
brake  may  be  taken  as  absolutely  accurate. 

As  ti:i  th e  1  i m i t  t j f  ace n racy  o f  th e  w e i g h i n gs  in  t h e  G ( K)  f t , - 1  h.  tri als,  tfc 
weight  of  water  dealt  with  was  approxiniarely  470  lbs.  On  this  tpiaatitT 
the  niaximiiin  probable  error  \\m  002  lb.  in  any  trial.  This  gives  greaicr 
accuracy  than  1  part  in  20,000. 


^ 
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The  AdjuatmerUs  of  the  Brake, 

(1)     Length  of  Hie  Lever,—{Vwci  I.,  par.  45.) 

28.  This  length  was  required  between  the  centre  line  of  the  engine 
shaft  traversing  the  brake  and  the  V-groove  carried  by  the  lever. 

It  had  been  previously  observed  that  both  the  shaft  and  the  brake  shifted 
a  little  horizontally  when  the  engine  was  started,  from  the  positions  occupied 
with  the  engine  stationary.  It  was  therefore  necessary  to  make  the  com- 
paiison  between  the  length  of  the  lever  and  our  standarrl  4-feet  with  the 
engine  running.  Also,  since  the  length  of  the  lever  varied  with  the  tem- 
perature of  the  brake,  this  temperature  was  maintained,  as  in  all  the  trials, 
at  212°Fahr. 

Between  the  brake  and  the  adjacent  bearing  the  shaft  is  4  inches  diameter 
within  y^  of  an  inch. 

At  a  distance  of  3  feet  10  inches  from  one  of  its  square  ends  a  fine  line 
was  scribed  on  a  steel  straight  edge.  This  straight  edge  was  then  held  with 
the  square  end  aforesaid  butting  against  the  shaft,  the  length  being  horizontal 
and  perpendicular  to  the  line  of  shafting,  and  the  distance  between  the 
straight  edge  and  the  lever  being  10  inches.  At  a  distance  of  11  feet  from 
the  other  side  of  the  lever  a  theodolite  wati  set  up  and  adjusted  so  that  the 
vertical  plane  of  collimation  of  the  instrument  was  parallel  with  the  shaft 
and  contained  the  line  scribed  on  the  face  of  the  straight  edge. 

A  steel  scale,  graduated  to  -^  of  an  inch,  was  fixed  firmly  on  to  the  lever, 
and  a  reading  of  this  scale  was  taken  through  the  telescope  without  altering 
the  adjustments  mentioned.  This  reading,  of  course,  referred  to  the  point 
on  the  scale  just  4  feet  distant  from  the  centre  line  of  the  shafti.  By  a  slight 
rotation  about  the  vertical  axis  the  line  of  collimation  was  then  made  to  cut 
the  centre  line  of  the  groove,  and  then  a  vertical  rotation  enabled  a  second 
reading  of  the  scale  to  be  taken. 

A  number  of  these  observations  were  made  while  the  brake  was  subjected 
to  moments  of  1200,  600,  and  400  ft.-lbs.,  and  they  all  indicated  that  the 
length  of  the  lever  in  the  trials  made  was  4'  -f  0  02'. 

A  correction  to  the  value  of  the  equivalent  derived  directly  from  the 
trials  is  therefore  necessary  on  this  account.     It  amounts  to  +  00417  percent. 

With  this  correction  added,  1  think  that  the  length  of  the  lever  can  be 
assumed  accurate  to  ^  inch,  or  1  part  in  10,000  nearly. 
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(2)     The  Balmm  i*fHie  Brake— (Piivt  L,  par.  O,) 

29*  ir  a  pair  of  trials  are  run,  the  one  with  a  heavy  indicated  load,  ^,, 
and  the  uther  with  a  Ugh  tor  one,  M,,  and  if  m  be  the  momenfc  carried  by  the 
brake  on  iif«!ouiit  of  its  iuitial  want  of  balance,  then  the  works  done  in  the 
two  trials  are 

where  Ni  and  A\  are  the  revolutions  in  the  two  cases. 
The  difference  of  the  work  done 

and  the  relative  error  involved  in  writing  for  this 

which  has  been  done  in  these  experiments,  is 

This  error  m  0  when  JVj  =  K^, 

The  si>eed  of  the  engine  was  therefore  always  regulated  to  the  end  tli 
the  number  of  revolutions  in  each  of  a  pair  of  trials  which  were  afterwards  tol 
be  compared  together  should  be  approximately  the  same.     As  a  general  rule, 
this  object  was  very  nearly  attained. 

The  maximum  value  of  N^  -  N.^  was  about  300,  the  values  of  Nj  and  N, 
being  approximately  18,000. 

Under  these  circumstances,  in  trials  carrying  loads  of  1200  and  600  ft.-lbs. 
respectively,  the  above  error  amounts  to 

ISOOO^x  600  =  36^  <  ^■^'^'^  P^""  *=""'•  P*^''  f*-'^-  "^  """*''■ 

in  the  balance  of  the  brake. 

The  method  pursued  to  determine  the  want  of  balance  was  as  follows:— 

The  lever  was  freed  from  all  extraneous  loads. 

The  brake  and  its  pipe  connections  were  then  all  filled  \vith  water,  so  a^ 
to  be  in  the  same  condition  as  during  the  progress  of  a  trial. 

The  lever  was  then  lifted  till  its  end  was  in  its  mean  position  opposite  a 
pointer  at  a  fixed  height  from  the  ground.  A  load  was  then  gradually  added 
to  the  front  side  of  the  brake  till  the  friction  of  the  bearings  was  overcome, 
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and  the  lever  fell.  An  observation  of  the  moment  required  to  cause  the 
motion  was  then  made.  A  series  of  twenty  of  these  observations  were  made 
for  the  front  and  then  a  second  series  of  twenty  for  the  back  of  the  brake,  in 
which  case  the  load  on  the  back  had  to  lift  the  lever  from  its  mean  position. 

On  taking  the  diflFerence  of  the  means  of  these  two  series  of  observations, 
the  friction  is  eliminated  and  the  resulting  moment  represents  the  error  of 
balance  of  the  brake. 

Since  in  the  course  of  a  trial  the  lever  oscillates  a  little  from  its  mean 
position,  the  brake  will,  when  in  motion,  be  working  against  the  resistance 
oflFered  by  the  linkage  connected  with  the  regulating  cock.  When  at  rest, 
however,  this  resistance  will  not  affect  the  load  at  all.  In  view  of  this  fact, 
two  determinations  of  the  error  in  balance  were  made,  the  first  with  the 
brake  working  free  of  the  linkage,  by  allowing  the  small  motion  to  take  place 
in  the  slack  of  the  pin-joints,  the  second  with  the  brake  working  against  the 
resistance  of  the  regulating  apparatus.     The  results  obtained  were 

In  the  first  case,  error  in  balance      =  45*5    ft.-lbs. 

In  the  second  case,  error  in  balance  =  41*73      „ 

A  mean  of  these  two  quantities  would  probably  be  approximately  correct 
viz.,  43-615  ft.-lbs. 

The  lead  balance  weight  previously  mentioned,  and  weighing  13  97  Iba 
was  substituted  for  one  of  the  25-lb.  weights,  on  the  removal  from  the  lever 
of  the  brake  of  a  rider  weight  and  a  balance  weight  whose  combined  moment 
(par.  40)  was  calculated  at  —  441 2  ft.-lbs. 

The  actual  uncompensated  error  in  the  balance  appears  therefore  to  be 
practically  ^  ft.-lb.  This  is  so  small,  and  the  balancing  of  the  brake  such  a 
very  difficult  operation  to  perform  with  any  approach  to  accuracy,  that  any 
error  there  may  be  has  been  ignored,  and  the  balance  assumed  perfect  in  all 
the  calculations. 

The  end  of  the  lever  has  always  been  kept  at  the  level  of  the  pointer 
indicated  before,  and  by  this  means  all  error  due  to  the  varying  horizontal 
position  of  the  centre  of  gravity  of  the  brake  has  been  avoided. 


Terminal  Corrections  to  the  Apparent  Heat  Generated, — (Part  I.,  par.  31.) 

30.  In  order  that  the  work  done  in  any  trial  should  be  exactly  equivalent 
to  the  heat  generated  in  the  water  used,  it  was  necessary  that  the  total  heat 
contained  in  the  brake  itself  should  be  the  same  at  the  beginning  and  end  of 
the  trial. 
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This  condition  was  rarely  fulfilk'd.  nince  it  rei[uir<?f1   that   the  weight  i^ 
water  iu  the  brake,  together  with  ilB  tciiipt*rature,  should  be  unaltered  at  the  _ 
close  of  the  trial.  ■ 

A   determination  was  made  of  tho  amoiint  nf   water  contained  by  thv 
brak**  at  various  i^peeds  by  .suddenly  *?i.eppin|;  the  engine  when  runmns;  *i 
any  «iivL*n  speedy  si nmlt^neouslj  shutting  off  the  water  supply  to  the  brak«,  ^ 
iitui  lifterwards  draining  oft' and  wi'igfiing  the  water  shut  m. 

The  results  are  nhown  in  th€  annexod  curvcfS. 


2B 

Vj 

^ 

A9 

27 

S 

V 

N 

Sy 

m 

19 

^^ 

^ 

JL— . 

*^ 

^ 

ifc    . 

60 

|25 

^ 

k_ 

f^ 

^ 

k 

N 

^ 

<4 

V 

^ 

^ 

E24 

^ 

\ 

i 

V 

k 

V- 

> 

I23 

^ 

^ 

% 

s. 

'e 

% 

\. 

3 
57? 

0 

£22 

-- 

i 

% 

Sw 

'- 

— 

^ 

s 

.1 

1 

21 

s. 

\ 

\ 

55 

20 

Nv 

54 

1 

1 

170  180  190  200  210  220  230  240  250  260  270  2S0  290  300 
Revolutions  per   minute 

Fig.  10.     Curves  showing  water  contained  by  and  water  equivalents  of  brake  and  contents  at 

varying  speeds. 


The  weight  of  brass  in  the  brake  is  368  lbs.  Taking  0094  for  its  specific 
heat,  the  water  equivalent  is  .34'6  lbs. 

To  obtain  a  scale  of  weights  representing  the  water  equivalents  of  the 
brake  at  different  speeds,  we  have  to  add  34  6  to  the  weights  of  wat^r 
contained  at  the  different  speeds. 

This  scale  is  given  at  the  right  of  the  curves  just  alluded  to  (see  above). 

A  correction  to  the  heat  obtained  is  now  very  easily  deduced. 
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Let  Wi  =  water  equivalent  of  brake  at  commencement  of  trial. 

u;a=  „  „  end 

ti  =  temperature  of  water  in  discbarge  pipe  at  commencement  of  trial. 

^  ^  »  »»  »»  i>  enci  ,, 

Therefore,  additional  heat  generated  in  the  hnike  =  wj.,-  w^ti,  and  this 
quantity  is  added  to  the  heat  already  calculated  as  generated  in  the  water. 

The  speed  indicator,  which  was  used  in  the  determination  of  the  number 
of  revolutions  per  minute  required  as  the  ordinate  in  the  curve  of  water 
equivalents,  was  not  reliable  to  one  or  two  revolutions,  and,  therefore,  unless 
a  large  difference  of  speed  wjis  indicated  between  the  commencement  and 
end  of  a  trial,  this  difference  was  altogether  ignored,  and  the  rise  in  tem- 
perature was  multiplied  by  the  constant  corresponding  to  any  particular  load 
at  300  revolutions  to  obtain  the  terminal  correction. 

The  speed  gauge  required  a  negative  correction  of  11  at  300  revolutions, 
and,  consequently,  the  curves  give  57*6  and  54*6  as  the  water  equivalent  of 
the  brake  when  loaded  with  1200  and  600  ft.-lbs.  respectively. 

By  interpolation  from  the  above  values  53*6  was  obtained  and  used  as  the 
water  equivalent  in  trials  carrying  a  moment  of  400  ft.-lbs. 


Loss  of  Water  by  Evaporation  and  Leakage  from  the  Discharge  Pipe 
and  Tank. — (Part  I.,  par.  37.) 

31.  In  order  to  test  the  general  efficiency  of  the  discharge  pipe  as  a 
conveyer  of  the  water  used,  it  was  disconnected  in  June,  1896,  from  the 
brake,  and  the  circulating  pump  was  arranged  to  pump  the  water  out  of  the 
tank  and  through  the  discharge  pipe,  which  emptied  itself  again  into  the 
tank  by  means  of  the  tipping  switch. 

The  stream  of  water  was  regulated  so  as  to  correspond  exactly  with  the 
quantities  passed  in  trials  carrying  loads  of  400,  600,  and  1200  ft.-lbs.  In  a 
period  of  62  minutes  it  was  found  that  in  each  of  these  cases  the  loss 
approximated  very  closely  to  a  quarter  of  a  pound  of  water  when  its  tem- 
perature was  between  90°  and  100'.  Since  this  loss  was  the  same  in  all  the 
trials  it  has  not  been  thought  necessary  to  make  a  correction  rectifying  the 
heats  on  this  account,  for  it  would  be  completely  eliminatetl  in  the  differences 
of  heat  used  in  the  calculation  of  the  values  of  K  given  in  the  tables,  if  the 
interval  of  temperature  through  which  the  water  was  raised  in  the  brake  was 
the  same  in  corresponding  light  and  heavy  trials. 

When,  however,  I  examined  the  results  after  the  final  reduction  had  been 
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madc\  I  fanml  timt  thu  mean  temperature  iif  supply  iu  the  Itght  tmb  wm 
0  7    lower  thau  that  id  the  heavy  triah. 

Consequently  the  mean  difference  of  heat  wmild  require  a  slight  our- 
rection,  which,  however*  m  less  than  —  0000002  n.'latively  to  the  m\wk. 
This,  being  quit©  outside  our  limits  of  accunicy,  hm  been  ignored. 


Thtf  Main  Ejsp^riments, 

fl2.  In  DdOdultier,  18D5,  the  apparatus,  though  not  yet  quite  eompWte, 
was  in  a  sufficiently  advanced  state  to  make  it  poe^ibli^  tu  coriiiiienee  the 
main  K  experitnentii. 

The  ob^ervfttiiJus  worn  takon  and  reduced  in  every  experiment  in  sub- 
«t*intially  the  .^inu*  laanni^r  that  I  have  deneribed  (paras,  17,  18,  and  13^ 
Hume  of  the  pirticutars  inentiouwl  were,  however,  omitted  in  the  earlier 
trials,  and  werc^f  only  recorded  subsequently  after  their  impjrtance  Iiod  cmne 
to  be  recogiiisod, 

la  all,  80  trials  were  made  on  which  any  reliance  has  been  placed,  mi 
theee  will  be  dealt  with  in  different  series,  between  any  cun^ecittire  two  of 
which  some  slight  alteration  had  been  made  in  the  apparatus,  the  method  of 

taking  the   ohservtitioni?,  or   uf  reducing    the   same ;   all    the«e  alteratiot^? 
leading  up  to  the  finally  adopted  methods  which  have  been  de^ribed, 

33.  I  must  first  mention  two  sets  of  trials  whi(-h  do  not  appear  in  the 
tables.  They  were  commenced  in  December,  1895,  and  were  made  main!} 
with  the  object  uf  gaining  experience  in  the  behaviour  of  the  apparatus,  and 
of  determining  the  most  favourable  conditions  under  which  the  experiments 
could  be  conducted. 

The  moments  carried  by  the  heavy  and  light  trials  in  each  set  were  1200 
and  600  ft.-lbs.  respectively. 

The  speed  was  in  the  first  set  230  revolutions  per  minute,  and  in  the 
second  set  180  revolutions  per  minute. 

With  the  following  exceptions  the  apparatus  and  methods  were  the  same 
as  described. 

I.     Omissions  and  faults  in  apparatus. 

(1)  There  were  no  thermometers  on  either  the  stuffing-box  cover 
or  on  the  main  bearing,  and  consequently  no  etfectual  attempt 
could  be  made  to  keep  these  parts  of  the  shaft  at  the  same 
temperature  in  a  pair  of  trials. 
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(2)  There  was  no  means  of  catching  the  leakage  from  the  stutiing-box, 

or  from  the  bottom  regulating  cock. 

(3)  The  rising  pipe  at  this  time  only  maintained  a  head  of  about 

5  feet  of  water  over  the  thermometer  in  the  discharge  pipe. 

(4)  The  hand  brake  had  not  been  fitted  to  the  shaft. 

II.     Omissions  and  faults  in  the  methods  employed. 

(1)  No  corrections  were  added  to  the  heat  as  given  by  the  formula 

{W,^W,)x{T,-T,). 

(2)  The  heavy  trials  were  of  only  half-an-hour  s  duration,  in   order 

that  the  second  reading  taken  of  the  weight  of  the  tank  should 
lie  on  the  same  part  of  the  scale  of  the  weighing  machine, 
which  had  not  up  to  this  time  been  corrected,  in  both  heavy 
and  light  trials. 

The  results  obtained  were  not  very  consistent,  but,  perhaps  largely  on 
that  account,  the  trials  admirably  fulfilled  the  purpose  for  which  they  were 
made. 

The  importance  of  the  terminal  corrections  were  clearly  indicated  when 
the  results  were  considered,  and  consequently  means  were  at  once  taken 
to  apply  these  corrections  to  the  preliminary  reduction  of  all  subsequent 
trials.  These  included  the  provision  of  the  hand  brake,  by  means  of  which 
the  engine  speed  on  starting  and  finishing  the  trials  could  be  easily  con- 
trolled, and  the  observations  of  the  speed  of  the  engine  and  the  tempera- 
ture of  the  brake  which  were  taken  at  the  moments  of  starting  and  ending 
the  trials. 

Again,  the  terminal  corrections  and  other  incidental  errors  had  very 
unequal  weights  when  acting  on  the  quantities  obtained  in  the  hour  light 
trials  and  in  the  half-hour  heavy  trials — which  latter  (quantities  required 
doubling  before  the  subtraction  requisite  to  eliminate  losses  of  heat  could  be 
effected. 

It  was  therefore  decided  that  in  future  all  trials  should  be  of  equal 
duration  (viz.  62  minutes),  and  this  necessitated  the  immediate  careful 
checking  of  the  scale  of  the  weighing  machine,  which  was  thereupon  pro- 
ceeded with.  Furthermore,  it  was  probable  that  many  of  the  discrepancies 
which  occurred  were  due  to  the  small  quantities  of  water  it  was  possible  to 
deal  with  at  the  low  speeds  hitherto  used,  and  to  remedy  this  defect  a  larger 
amount  of  work  was  done  and  heat  generated  by  increasing  the  speed  in  all 
the  recorded  trials  to  300  revolutions  per  minute.  Incidentally  this  increase 
of  speed  was  conducive  to  the  steadier  running  of  the  engine. 


702  HN   THK   MECHAKICAL  EQUIVALENT  Of   HEAT.  [4 

1  was  mtich  tmiiblefl  with  iMihbU^s  i*f  HtiMvm  in  the  discbar^  pipe»  wid  k> 
|irt*v(*iit  their  formation  ihv  rising  j*ipe  wa^  lengthi^n^  till  it  gave  a  htiidul 
\ll\  hut  iivt?r  tht*  thermouuUor  bulb.  || 

'rhi5*Je  trial!*  abo  furnished  iuforination  which  WhI  to  the  adoptiua  i/i 
preisj^ur^  uf  9  inches  of  mercury  iti  tha  arti6eial  atini*spbere.  It  wast  fuiiiid 
that  with  highitr  pmsrtures  than  this  the  air  by  ^onn*  means  fuiind  it«*  wnt 
iiitu  ttio  clisohiuge  |)i[R%  ovon  with  the  leiigthentKl  rising  pipe  in  p>sitii>ii. 

During  i\w  fii>t  fi^w  trials  thi;  nniy  regulation  of  the  water  supplied  lo 
the  bt^anngH  f)f  the  brake  consi^ti^d  of  »ci'ew  eUpe  on  the  rubber  ptp(»$  earn- 
ing tht^  water.  These  were  Itmnd  to  be  Very  inefficient,  and  two  coekis  w^m 
Bubtttituted,  each  of  which  airried  a  scale  which  sbowetl  the  amotml  tD 
which  it  wa«  open  at  any  time. 

34,  Before  dealing  with  the  tables  showing  the  final  r€?duction  of  the 
experiments  made,  it  is  nece.ssary  to  nitmtion  a  preliminary  rednction  of  tridi 
Noa  1  to  42  shown  in  Table  A  (p.  722),  from  which  the  constants  tised  in  tW 
disterminatiotj  of  the  lussits  of  heat  by  conduction  along  the  shalt,  and  alia  hx 
radiation,  were  dedueed. 

Ill  thift  table  the  sictual  observations  are  as  far  as  p4»^ible  omitted  simi« 
they  will  appear  later  in  the  completely  reduced  tables. 

It  will  be  seen  that  the  tabh^  eonaisig  of  three  similar  parts,  referring 
respectively  to  the  heavy  trials,  the  light  trials,  and  the  differences. 

In  each  part 

Col.  1  gives  the  number  of  the  trial. 

Col  2  gives  the  work  done,  calculated  in  the  ordinary  way. 

Col.  3  gives  the  heat  generated,  as  calculated  from  the  formula 
{W.J,—  Wi){T2—  Ti),  all  corrections  being  omitted. 

Col.  4  gives  the  terminal  corrections,  for  which,  as  I  have  said,  the 
necessary  observations  were  always  taken. 

Cols.  5  and  G  give  respectively  the  mean  differences  of  temperature 
observed  between  tiie  stuffing-box  and  the  top  and  bottom 
brasses  of  the  main  shaft  bearing. 

The  cpiantities  in  brackets  are  not  actually  observed  differences,  but  were 
deduced  in  the  manner  to  be  hereafter  explained  (par.  43). 

These  differences  are  +  or  —  according  as  the  stuffing-box  was  hotter  or 
colder  than  the  adjacent  bearing. 
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Col.  7  gives  the  mean  diflFerence  of  temperature  observed  between  the 
brake  and  the  surrounding  air.  These  differences  are,  of  course, 
all  positive. 

The  quantities  given  in  the  part  of  the  table  headed  "differences"  are  in 
every  case  the  remainders  which  are  left  on  subtracting  the  corresponding 
quantities  under  the  heading  **  light  trials"  from  those  appertaining  to  the 
•*  heavy  trials." 

In  the  last  column  are  given  the  values  of  K^  obtained  by  dividing  the 
work  occurring  under  the  heading  difierences,  by  the  heat,  to  which  has  fi i*st 
been  added  the  terminal  correction. 

The  conditions  under  which  each  series  of  trials  given  in  Table  A  was  run 
are  enumemted  below. 

In  every  case  the  engine  speed  was  300  revolutions  per  minute,  as  read 
on  the  speed-gauge. 

In  all  heavy  trials  the  moment  was  1200  ft.-lbs.,  with  the  exception 
of  Series  IV.,  in  which  the  moment  was  1244*12  ft.-lbs. 

In  all  the  light  trials  the  load  was  600  ft.-lbs. 


35.  This  series  contains  trials  Nos.  1  to  11,  No.  5  being  omitted  on 
account  of  an  accident  to  the  revolution  counter. 

In  all  these  trials  the  outer  brass  skin  of  the  brake  was  expose<l  ilirectly 
to  the  atmosphere,  and  consequently  the  loss  of  heat  by  radiation  was  very 
large. 

No  attempt  was  made  to  catch  the  small  quantities  of  leakage  occurring 
at  the  stuffing-box  and  the  bottom  regulating  cock. 

The  water  supply  to  the  stuffing-box  was  only  regulated  to  the  end  that 
the  bearing  should  not  become  unduly  hot,  and  no  reconl  was  kept  of  the 
temperature  gradient  along  the  shaft  till  trial  No.  10  was  reached. 

In  order  to  avoid  any  bias  which  might  be  given  to  the  experiments  by 
always  combining  a  trial  of  one  type  with  one  of  another  type,  trials  of  both 
of  which  types  were  always  made  at  the  same  relative  part  of  any  day, 
the  relative  order  of  running  was  changed  as  indicated  by  the  dates  and 
times  given  in  Table  B  (Part  I.,  par.  32).  This  method  of  combining  the 
trials  was  adopted  because  at  this  time  it  was  not  as  a  rule  possible  to  make 
more  than  two  trials  a  day  successfully,  for  breakdowns  of  a  more  or  less 
serious  nature  were  of  frequent  occurrence. 
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Ik^ferriug  now  to  th*3  preliiuinary  reduction  shown  in  Table  A,  SerioiL: 

The  values  of  K,  Nos.  I.,  IIL,  IV..  and  \\  are  neen  1*1  b*.^  in  dim 
agreement,  notwithstanding  the  cornpiiratively  rough  method  of  r^u^m 
used. 

Determination  No.  II,  however,  stands  out  as  vory  distinctly  higher 
the  others,  and  the  caus©  of  this  was  fortunately  evident- 

In  order  Uj  prt^vent  the  attempted  rotatino  of  the  ^mall  handle  «howT]  in 
the  ilhisimtioiifi  at  the  t-rnl  of  the  bmke  levt-r,  one  revolution  of  which 
altt^ml  tJM'  l^iatl  un  the  brake  by  I  i\Ah.,  ijue  of  my  a-^i^tiints  had  tio»l  it  to 
the  hiuigtT  tmrrying  the  kmd.  The  string  making  the  connection  was  very 
tight,  and  the  load  wm  pulled  }>erceptibly  out  of  the  perpendicular  plane 
pas^siug  thnnigh  the  grtxive  on  the  k^ver. 

This  fault  was  i^uffieient  to  condenm  the  two  triala  Hos.  S  aud  4,  iitd 
they  do  not  apptnir  iu  the  final  table  on  that  aceount 

A  wooden  clip  wtia  *tuljae<|ueutly  *irlded  to  prevent  the  rotation  of  the 
handle  and  its  attached  ncrew. 


hiffgtng. — (Part  I.,  par,  33.) 

8(3,     The  regultfi  given  by  the  four  accepted  deternnnationa  of  Series  L 

were  so  cousigteiit  that  it  wns  diH-iiieri  to  pnjeeeil  at  onct*  with  the  lat^i^nTi^^  of 
the  brake,  which,  up  to  the  present  time,  had  beeu  deferred  on  account  of 
want  of  confidence  in  the  apparatus  geuerally. 

The  lagging  consisted  of  a  layer  of  about  1^  inches  of  loose  cotton  wadding 
with  which  the  whole  of  the  exteiior  of  the  body  of  the  brake  was  covered, 
together  with  the  discharge  pipe  between  the  brake  aud  the  thermometer 
chamber.  The  cotton  was  all  tied  firmly  in  position,  aud  the  whole  was 
enclosed  iu  a  covering  of  thick  flannel. 

As  will  be  seen  later,  this  lagging  reduced  the  radiation  by  nearly 
75  per  cent.  Its  weight,  about  2  lbs.,  was  inappreciable,  and,  being  eveuly 
distributed,  could  not  afiect  the  balancing  of  the  brake  to  any  extent  which 
it  would  be  possible  to  detect. 

The  lagging  was,  I  believe,  of  use,  more  especially  in  that  it  protect^ 
the  bare  metal  from  the  strong  draughts  which  often  occurred  in  the  engine- 
room.  It  re(juired  very  careful  attention,  however,  to  protect  it  against 
dampness,  and  on  this  account  I  am  not  certain  that  better  results  would 
not  have  been  obtained  without  it. 


\ 
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Series  II. 

37.  With  the  exception  of  the  addition  of  the  lagging,  no  alteration 
was  made  in  either  apparatus  or  method  between  trials  11  and  12. 

Sufficient  experience  and  confidence  in  the  apparatus  had  now  been 
gained  to  enable  me  to  make  three  trials  per  day,  as  a  rule  two  being 
made  in  the  morning  and  one  in  the  afternoon,  a  stop  of  about  one  hour 
being  made  after  the  second  trial.  The  brake  was  not  allowed  to  cool  down 
during  this  interval ;  the  hot  water  contained  on  finishing  the  morning's  run 
being  shut  in. 

In  Table  A,  the  value  787*4  is  given  as  the  result  of  the  combination  of 
trials  12  and  14.  There  was  evidently  something  amiss  with  this  result,  and 
as  the  combination  of  trials  Nos.  13  and  14  gave  the  result  7794,  which 
agrees  fairly  closely  with  those  given  in  Series  I.,  the  explanation  which  at 
once  suggested  itself  was  that  the  new  lagging  was  damp  when  the  day  s 
running  began  and  had  dried  before  the  commencement  of  trial  13.  On  this 
account  trial  No.  12  has  been  expunged  from  the  final  Table  B,  and  takes  no 
further  part  in  the  investigation. 


Series  III. 

38.  As  it  had  by  this  time  been  found  possible  to  run  three  satisfactory 
trials  per  day,  the  most  obvious  way  of  combining  them  was  to  make  three 
trials,  all  carrying  the  same  load,  on  the  first  day ;  while  the  trials  required 
to  complete  the  three  determinations  were  run  on  the  next  convenient  day. 

This  method  was  pursued  during  the  whole  of  the  subsequent  course  of 
the  investigation. 

From  this  series  onward  1  made  an  attempt  to  keep  the  temperature 
gradient  along  the  shaft,  between  the  brake  and  the  adjacent  bearing,  the 
same  in  each  pair  of  trials.  In  trial  No.  21  I  took  observations  for  the  first 
time  of  the  temperature  of  the  lower  brass  in  the  main  bearing.  In  these 
trials  also  the  possible  importance  of  the  small  leakage  of  water,  occurring 
along  the  spindle  of  the  lower  regulating  cock,  for  the  first  time  became 
apparent.  The  weight  of  water  actually  leaking  away  had  not,  I  think,  any 
appreciable  eflFcct,  but  owing  to  its  high  temperature  it  was  nearly  all 
evaporated,  and,  consequently,  may  have  had  a  sensible  eflFect  in  the  lowering 
of  the  temperature  of  the  water  discharged  from  the  brake.  No  successful 
means  were  yet  devised  for  catching  this  water.  So,  in  this  series,  it  still 
remains  as  a  possible  source  of  error. 

o.  B.   II.  45 
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39,     For  list''  iti  the  regular  engine  trials  tht*  brake*  is  provitl€?cl  witki 
riilur  wi%'hing  4'H  Ukh,,  which  can  bt>  tni.vun*i.Hl  along  it  graduated  m&ie  *m  I 
lever  by  iiioaDs  of  ft  htacling  screw.     In  oi^tT  to  tnainUiii  the  bak&ce  ©f  I 
bntki*  it  carries  at  the  back  a  second  fiitid  loail  of  74'fci  lbs. 

Thi\^t>  twa  lar^  mames  of  iron  liarl  hitherto  been  left  ou  the  bnike,  kit 
seemed  probjtble  that  ihvy  would  v*try  timch  affect  the  flow  of  heat  awavfiroiD 
it  bi^twtM'ti  any  pair  of  etniseciitive  trials  (Part  I.,  par,  M},  for  their  ooutbuwf 
to  rise  ID  fceinpemtiire  during  the  whole  of  any  day  on  which  Hxperimcmli 
wertj  inadei  and  ovideufcly  they  would  absorb  heat  more  impif Uy  wh€?n  oold  in 
thw  imrly  part  of  the  day  than  when  hot  later.  It  wm  theii^tVji'*^  decided  to 
njiBOve  thrill.     Their  combined  fnoment  ab<int  the  eiigin**  nhaft  was 

-4V12ft.4b«. 

No  allowance  was  mafb  for  thin  altemtiou  in  the  loading  nf  the  hmkfii 

mid,  (!onH(^(|iieutiy,  the  moment  in  ih*jm  trinls  wim  1^44*12  ft-lba,  thL^  tignpi' 
having  In^'U  used  iu  the  t-aleulations  given. 

In  onler  to  bring  the  trials  nndar  some  general  denomination,  thiJ  mmm 
has  not  been  further  rethicod,  nor  combined  with  a  eorr^^spotiding  set  of  ligU 
trials.  m^^^  ^^^m  ^ri 

With  tho  ifitcntion  of  stopping  the  leakage  at  the  l>ottoni  eoek.  I  hna 
had  some  more  packing  placed  in  the  gland  surrounding  the  e<X5k  spindle. 
This  did,  to  some  extent,  reduce  the  leakage,  but  it  also  hiid  another  effect 
which  will  be  referred  to  under  Scries  V. 


Seines   V. 

40.  For  the  purpose  of  keeping  the  loads  on  the  brake  at  the  valuc-s 
carried  by  trials  preceding  the  removal  of  the  rider  and  balance  weights,  one 
of  the  25-lb.  hanger  weights  was  removed,  and  for  it  were  substitute<l  some 
lead  sheets  weighing  13'97  lbs. 

This  lead  weight  then  corresponded  with  the  initial  want  (»f  balance  la  a 
moment  of  TOO  ft.-lbs.,  made  up  as  follows  : — 

Want  of  balance 44-12  ft.-lbs. 

Moment  of  lead  weight 55*88       „ 

100 

After  these  trials  had  been  made,  I  determined,  with  Professor  Reynolds, 
by  means  of  a  spring  bahmce,  the  force  necessary  to  move  the  bott<.»m  cock. 
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This  was  found  to  amount  to  a  moment  of  30  ft.-lbs.  on  the  brake,  and  on 
this  account  this  series  of  trials,  though  appearing  in  the  final  tables,  have 
not  been  allowed  any  weight  in  the  calculation  of  the  final  mean  value  of  K. 
The  preliminary  reduction  of  Table  A  gave  what  were  apparently  very  good 
values  of  /f,  but  this  only  shows  the  small  effect  on  the  mean  moment  pro- 
duced by  variations  in  the  resistance  offered  to  the  brake's  motion,  and  this 
although  its  period  of  oscillation  was  very  long. 

Series  VI. 

41.  These  trials  differ  from  those  of  Series  V.  only  in  the  fact  that  the 
extra  packing  had  been  removed  from  the  gland  on  the  cock  spindle,  while  a 
means  of  catching  the  whole  of  the  leakage,  and  at  the  same  time  preventing 
its  evaporation,  had  been  provided  (par.  14).  The  whole  of  the  leakage 
was  credited  with  the  temperature  of  the  water  in  the  discharge  pipe,  and 
was  weighed  with  the  main  stream  of  water  which  had  been  caught  in 
the  tank. 

Series  VII. 

42.  These  trials  were  made  under  similar  conditions  to  those  in  Series  IV. 
In  the  two  last  trials,  however,  viz.,  Nos.  30  and  42,  some  leakage  was 
observed  and  caught  from  the  stuffing-box. 

An  approximate  estimation  of  the  loss  of  heat  due  to  this  leakage  is  given 
in  Table  B,  and  has  been  included  in  the  heats  given  in  Table  A. 

Detemmidtityn    of  the   Loss   of  Heat   by  Condtictian   along  the  Shaft. 

43.  In  the  trials  enumerated  in  Table  A,  the  varying  values  of  the 
temperature  gradient,  existing  in  the  shaft  leaving  the  brake,  might  evidently 
be  a  cause  of  comparatively  large  losses  of  heat  which  were  not  eliminated 
in  the  differences  of  heat,  so  far  assumed  to  be  equal  to  the  corresponding 
differences  of  work. 

It  therefore  became  important  to  determine,  at  least  approximately,  what 
was  the  loss  of  heat  by  conduction  along  the  shaft  in  each  trial. 

I  have  already  said  that  the  temperature  of  the  shaft  in  the  main  bearing 
was  assumed  to  be  the  same  as  that  of  the  lower  brass,  while  the  tem- 
perature on  leaving  the  brake  was  similarly  taken  as  that  of  the  stuffing- 
box  cover. 

Unfortunately,  before  trial  No.  21,  I  had  made  no  record  of  the  tem- 
perature of  the  lower  brass. 

45—2 


It  was,  however,  founrl  that  in  trhih  Ntn,  21  tu  4i  the  mean  U^mpmttm 
of  thti  liwer  brasH  excseeded  that  of  Uu*  upper  bm^s  by  about  7    Fahn 

C<*risiMju<*iitly,  in  Column  C,  in  thi'  fuiris  of  Table  A,  where  no  oWr- 
viitions  hiwi  betm  taken,  an  c*Htiinatioii  of  the  differeiice  of  teroperatnrp 
between  the  stnfting-box  and  the  lower  hrnm  was  nnade  b^"  snbtractiDg  8e?>ai 
fnnn  the  ^iifferenee  oecurring  in  Column  5.  In  this  manner  the  diffen*DCB 
eiiteiml  in  bnKsketn  were  obtained  for  trials  Nos.  10  to  20. 

It  appears  that  w«*  have,  therefom,  ten  determinations,  viz,,  V,,  VL,  VIL, 
VIII.,  IX.  X,  XI,  XII,  XIII,  and  XVIIL.  in  which  the  differences  of  kal 
generated  reijiiire  a  pt>sitive  correction  on  account  of  the  iiii balanced  mw- 
diiction  along  the  shaft,  and  four  detenniBations,  viz.,  Nos,  XIV.,  XV., 
XVI,  arjd  XVII,  io  which  those  diflerences  require  a  negative  corruclitJO- 

AjBBUming,  as  in  very  nearly  the  caae,  that  the  losses  of  heat  by  radiiiti«*ii 
are  eliminated  in  the  diflferencea  of  the  heats,  it  foHows  that  by  takinx 
C  =  IoH8  of  heat  ptT  trial,  by  conduction  along  the  shaft,  per  unit  difftx- 
enee  of  temperature  between  the  stutting-box  and  lower  brass, 


G  is  given  by  the  equation 

675844869  271143956 


867995  +  75'G  a     1*48866  -  22'5  0 


=  A'. 


where  the  numerators  represent  the  sums  of  the  differences  of  work  in  tht 

sets  enumerated  above,  while  the  first  terms  of  the  denominators  repre>ent 
the  sums  of  the  differences  of  heat  in  the  same  sets,  to  which  the  termiual 
corrections  have  been  added.  The  second  term  in  each  denominator  repn- 
sents  the  correction  to  be  applied  to  the  differences  of  heat  for  unbalanced 
conduction  along  the  shaft. 

On  solving  the  equation  we  get 

6'=  12,  very  nearly. 

This  agrees  very  closely  with  the  value  (7=  1361,  which  may  be  calculated 
from  the  dimensions  of  the  conducting  shaft,  viz,  4  inches  diameter  aod 
2J  inches  long,  and  Forbes'  value  of  the  conduction  coefficient  for  iron,  viz.: 

(01429  in  c.G.s.  unit). 

Since  nothing  was  known  as  to  the  internal  thermal  condition  of  the 
shaft,  the  figure  12  has  been  used  throughout  as  a  sufficiently  close  appi'oxi- 
mation  to  the  constant  retpiired. 

The  corrections  to  the  heat  for  conduction  along  the  shaft  in  each  trial 
were  then  obtained  by  multiplying  the  fall  of  temperature  between  the  brake 
and  bearing  by  12. 
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The  sign  of  the  correction  varies,  of  course,  with  the  sign  of  the  tempera- 
ture gradient  along  the  shaft. 

Determination  of  the  Loss  of  Heat  by  Radiation, 

44.  Under  this  heading  are  included  all  losses  of  heat  not  already  dealt 
with  under  the  headings  "  terminal  corrections,*'  "  loss  by  conduction,"  and 
"  loss  by  leakage  of  water/' 

Radiation  in  the  Unjacketed  Trials. — Series  I. 

45.  Determination  No.  IF.,  consisting  of  a  combination  of  trials  3  and  4, 
is  omitted,  for  the  reasons  given.  A  constant  ii,  representing  the  loss  of  heat 
by  radiation  per  trial  per  unit  difference  of  temperature  between  the  brake 
and  surrounding  air  is  required. 

In  Tables  B  and  C  the  corrections  to  the  heat  arc  given  for  terminal 
errors  and  conduction  along  the  shaft,  the  calculation  of  which  has  been 
explained. 

The  quantities  given  in  the  annexed  table  arc  sums  obtained  by  adding 
together  the  corresponding  quantities  in  Series  I.  of  Tables  B  and  C. 

In  trials  1,  6,  and  9  the  loss  by  conduction  has  been  assumed  the  same 
as  in  trial  10 ;  while  in  trials  2,  7,  and  8  this  loss  has  been  given  the  same 
value  as  calculated  for  trial  No.  11. 


Series  I.— Unjacketed  Trials. 


Work  done             Heat         Terminals 

Conduction 

Diff.  of  tempera- 
ture between 
brake  and  air 

Heavy  trials... 
Light  trials   ... 

542,876,020          677,309    '      4-19 
272,418,189     ,     330,280         -131 

+  116 
-496 

556-4 
558-4 

We  have,  th< 

I 

3refore,  the  same  value  of  K  giver 
,_        542,876,020       _       272,41 

1  by 
18,189 

677,444  +  .556-4  R     329.653  +  5584  R  ' 

and,  solving  for  R,  we  get 

R  =  36-86, 

or,  using  this  value  of  R  and  solving  for  K, 

ir  =  777-81, 

which  is  the  mean  value  deduced  from  this  series  of  eight  unjacketed  trials. 
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Radmiim  €o^fimmAf9r  JmhUd  TrmU,  N&s,  12  to  42. 
4*5.     Am  tn  Bctrioi  L,  we  get  ihc  stitns  of  work,  ht-iit,  fcc^  aliowii  ia 


1 

1                            Imikeiidiiir 

Ugbttrkla  ,«. 

1J52J18J46       2,236,661 

-  64        -  mG            leere 

lu  thb*  Ublc  the  sums  are  given  of  the  rt'ispcctive  quantiti^  m  th^ 
triab  used  in  f)Gieriainatioti8  VI.  to  XVIII.  iuclumve,  Series  No.  V.  Wiiig 
iacludcid,  becauge  dq  etTor  was  appartDl  in  the  quantities  obtain€<l;  Si^rm 
No*  IV*  being  omitted,  uince  the  momoiit  given  oonld  not  be  gnajuuUitJ 
c'ormct  with  any  t'*'rt?iiuty. 

We  thus  get  the  iojlowing  equaiion  for  if:— 

874,319,846  1.752,7 18  J40 


1,106,461  +^  1872-5  R     2,235,731  4- 1»62*6  &  ' 
which,  on  solution,  gives 


and,  .substituting  for  R, 


R  =  9-33, 


a:  =777-91. 


47.  The  loss  of  heat  by  radiation  from  the  brake,  cis  given  in  the 
Tables  B,  C,  &c.,  was  determined  by  multiplying  the  difference  of  tempera- 
ture between  the  brake  and  the  air  by  the  radiation  constants,  calculateil 
as  just  described. 

The  Tables  B,  C,  and  D,  giving  the  results  of  trials  1  to  42  inclusive, 
should  now  be  self-explanatory. 

The  mean  value  of  K  given  by  the  eight  unjacketed  trials  I  have 
mentioned  was  777*81. 

48.  The  best  way  of  stating  the  values  of  K  obtained  throughout 
seemed  to  be  as  follows : — 

The  sums  of  the  differences  of  the  works  and  of  the  corrected  heat^ 
were  taken  for  each  series  of  trials,  and  then  a  mean  value  of  K  for  the 
iseries  was  found  by  dividing  the  first  of  these  quantities  by  the  second. 
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The  values  of  K  given  as  the  mean  for  each  series  in  Table  D  have 
been  calculated  in  this  way. 

49.  A  mean  value  of  K  can  be  obtained  from  the  jacketed  trials 
contained  in  Series  II.,  III.,  VI.,  and  VII.  (Series  V.  being  kept  out  of 
the  dctennination  on  account  of  the  possible  error  alrea<ly  noticed),  by 
finding  the  sums  of  the  respective  differences  of  work  and  heat  given  with 
each  of  these  series  in  Table  D,  and  then  dividing  the  work  by  the  heat 
so  obtained. 

The  sum  of  the  diflFerences  of  work  in  Series  II.,  III.,  VI.,  and  VI f. 

=  676,259,560, 

and  the  sum  of  the  corresponding  differences  of  heat 

=  869,396; 

therefore  the  mean  value  of  K  given  by  the  accepted  jacketed  trials  so 
far  considered  is 

^      676,259,560     ^^^.^_ 

^=     869,396     =777  85. 

From  this  mean  none  of  the  values  obtained  from  any  one  of  the  above 
series  differs  by  as  much  as  003  per  cent. 

Closer  agreement  than  this  could  not  possibly  be  expected,  and  it  Wiis 
consequently  decided  to  vary  the  trials  somewhat,  in  order  to  determine  if 
any  erroi-s  had  been  overlooked.  For  this  purpose  I  made  two  fresh  series 
of  six  trials  each,  the  light  trials  carrying  a  moment  of  400  ft.-lbs.  only,  none 
of  the  other  conditions  being  altered  in  any  way. 

50.  The  full  reduction  of  these  Series  (Nos.  VIII.  and  IX.)  is  shown  in 
the  two  Tables  E  and  F. 

As  before,  three  trials  were  run  on  each  day,  but  the  last  trial,  on  April  1, 
was  not  finished  on  account  of  an  accident  preventing  me  getting  the  correct 
weight  of  the  water  discharged  by  the  brake.  There  are,  consequently,  only 
eleven  trials  in  the  tables.  The  radiation  constant  for  these  trials  worked 
out  to  8-16. 

The  mean  value  of  if,  given  by  the  whole  eleven  trials,  was  778*14,  which 
is  lower  than  the  two  means  for  the  separate  series  in  Table  F,  on  account 
of  the  inclusion  of  the  light  trial  No.  45,  which  does  not  appear  in 
Table  F. 

This  new  value  of  ^,  viz.  77814,  did  not  agree  so  closely  with  the  former 
one  of  777*85  as  we  had  hoped,  and,  after  reducing  the  last  two  series  of 
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trialrt,  1  dovoted  all  niy  tiiiib  to  the  checking  uf  the  whole  of  the . 

anew* 

It  wna  a  amHoquenco  of  thi^j  stringent  supervision  of  every  »epaj^£^  pitj 
thjit  tht!  i*iuull  oiTurs  in  the  25-1  b.  weights,  ahre^y  noticed^  wuns  disiow^Wj 
(pan  27). 

5L  Calculation  showt^d  that  this  ernjr  might  accouot  for  the  dLsch^Hiiicy 
ohaervadf  and  ao  it  was  decided  to  run  a  fre^h  series  uf  trials  with  the  wcighb 
so  armnged  that  no  ©iTor  could  appear  on  their  account. 

In  Older  to  have  no  known  outstanding  eirom  whateirer,  I  madeasmill 
rectangnlai-  tn*ugh,  titled  with  a  draJn*pipe,  by  mcaiiis  of  which  all  k-akag^' 
fnnii  the  jsttilhiig  box  Wfis*  CfiugfaL  W 

52*     A  series  of  fifteen    trials,  numbered   54  to  68   inclusive,  was  ac- 
coitlingly  made,  beginning  on  June   29,  1896.      Owing,   no  doubt,  to  th 
long  rei^t  which  the  apparatus  had  had  since  Easter,  a  number  of  accidwili 

wei*e  met  with  which  eompletely  spoiled  the  whok*  series. 

The  lagging  of  the  bi-ake  wii«  very  damp  when  the   series  wa.s  begiioj 
and,  on  atxouiit  of  the  bursting  of  the  various  rubber-pipe  cun  nectioni^  it 
did  not  thomnghly  dry  during  the  whole  course  of  thi^  serit**s  of  trials.         J 

For  these  re^isous  the  results  are  not  tabulated.       ^^^^^^^^^^^fl 

o;].  After  remedying  all  the  detects  which  had  developed  in  the  previous 
week's  running  I  made  two  fresh  series  of  six  trials  eiich  between  July  7 
and  10  inclusive. 

No  further  accidents  occurred  and  the  results  were  in  every  way  siitis- 
fiictory. 

These  are  shown  in  Tables  G  and  H. 

The  radiation  constant  worked  out  at  /^  =  7'98. 

The  mean   value  of  K,  given  by  the  two  series,  was 

7i:  =  777-85, 

which  happens  to  be  exactly  the  siinie  as  obtained  previously  from  Series  11., 
III.,  VL,  and  VII. 

54.  This  last  lot  of  trials  atforded  no  explanation  of  the  small  diffeivuce 
(778-14 -777-85) 

=  0-3  ft.-lb.  nearly, 

which  occuiTed  between  the  results  given  by  the  1200 — 600  ft.-lb.  determina- 
tions and  the  1200 — 400  ft.-lb.  determinations  respectively. 
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The  diflFerence,  of  course,  may  be  due  to  terminal  errors,  which,  I  think, 
have  been  mainly  responsible  throughout  for  the  small  discrepancies  found 
to  occur  between  individual  determinations.  It  is  more  likely,  however, 
that  the  small  quantity  of  water  dealt  with  in  the  400  ft.-lb.  trials,  and 
the  consequent  greater  effect  of  the  oscillations  of  the  brake  on  the  mean 
moment,  may  have  introduced  some  error  into  these  lightly-loaded  trials. 
Further,  some  slight  bias  may  have  been  given  to  the  Series,  Nos.  VIII.  and 
IX.,  by  the  long  rest  caused  by  the  Easter  Vacation,  between  trials  47 
and  48. 

55.  In  the  annexed  table  I  give  the  mean  value  of  the  work  done  and 
of  the  heat  generated  in  the  heavy  and  light  jacketed  trials  respectively, 
against  which  no  known  sensible  error  can  be  placed. 


1 

Trials  Nambers 

Mean  work 
per  trial 

Mean  heat 
per  trial 

Heavy  trials : 

(13,  17,  18,  19,  20,  35,  36,  37,  38,  39,  46,  47, 
48,  49,  50,  72,  73,  74,  75,  76  and  77) 

Light  trials : 

(14,  15,  16,  21,  22,  23,  33,  34,  40,  41,  42,  43, 
44,  45,  51,  52,  53,  69,  70,  71,  78,  79  and  80) 

134,337,403 
61,355,503 

172,685 
78,867 

Differences 

72,981,900 

93,818 

and  dividing  the  mean  difference  of  work  by  the  mean  difference  of  heat 
we  have 

/J' =  777-91. 

This  mean  value  of  K  deduced  from  the  experiments  requires  correcting 
on  a  few  counts,  which  are  due  to  the  method  of  working.  These  will  be 
dealt  with  later. 

56.  The  table  given  on  page  714  illustrates  the  almost  perfect  manner  in 
which  losses  of  heat  were  eliminated  on  the  mean  result,  by  the  method 
adopted  throughout  the  investigation  of  always  working  on  the  differences 
of  the  quantities  of  work  done  and  heat  generated  in  a  pair  of  trials. 

A  value  of  K  can  be  obtained  by  dividing  the  difference  of  work  in 
Column  3  by  the  uncorrected  difference  of  heat  in  Column  4.  This 
operation  gives 

i(r  =  77806. 

The  various  corrections  which  this  number  requires  are  as  follows : — 

I.  Correction  due  to  difference  in  number  of  revolutions  of  shaft  between 
light  and  heavy  trials. 


IL     Correction  due  to  loes  by  leakagt^  of  water  from  the  bmke. 

This  coiTectioii  tuiiount^  to  —  rt-ilfin  —  ~  ^OOOO^i, 

III.  Correction  due  to  terminal  differences  of  temperature  of  the  brake 

This  C(»rrection  amounts  to  —  tt^t^^t^.  =  —  000UO64. 

IV.  Coriection  due  to  loss  of  heat  by  conduction  along  the  shaft. 

1-5x12 
This  correction  amounts  to  — r^^-tTnA"  ~  ~  00001 92. 

V.  Correction  due  to  loss  of  heat  by  radiation. 

Assuming  9  for  the  value  of  the  radiation  constant,  this  becomes 

9 


=  + 


93,800 


=  +  0  000096. 


The  total   correction   ftictor  is   therefore  (1  -  0000192),  which  gives  ;us 
before 

K=777[n. 
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CorrectionH  to  Uie  Mean  Value  of  K  given  by  the  Experiments, 

/.    Length  of  Brake  Lever. 

57.  lu  dealing  with  the  calibration  of  the  nieasureuients  of  the  brake 
(par.  28),  I  have  already  mentioned  that  the  value  of  K  given  by  the 
experiments  would  require  a  correction  factor  of  (1+000042). 

//.     Salts  Dissolved  in  the  Manchester  Watei\ 

58.  Professor  Dixon  kindly  furnished  Professor  Reynolds  with  the  results 
of  a  number  of  analyses  of  the  town's  water  made  during  the  College  session, 
1894 — 95.     The  dissolved  salts  were 


Common  Salt, 
Calcium  Carbonate, 


14*4) 

^>j,>j\  milligrammes  per  litre; 


therefore  the  proportion  of  salts  by  weight  is  00000421.  Taking  their 
specific  heat  at  02,  we  get  for  the  correction  factor  required,  due  to  the 
lowering  of  the  specific  heat  of  the  water, 

1  +(1  -  0-2)  X  00000421  =  (1  +  000008). 

///.     Air  Dissolved  in  tite  Water  Used, — (Part  I.,  par.  43.) 

59.  Being  rain  water  it  probably  contained  about  2^  per  cent,  by  volume 
of  dissolved  air.  As  affecting  the  specific  he^it  of  the  water,  this  air  would 
not  have  of  itself  any  sensible  influence. 

It  did,  however,  influence  the  resulting  final  temperature,  as  it  was  most 
probably  all  boiled  out  of  the  water,  and  the  bubbles  of  expelled  air  would 
all  be  saturated  with  water  vajwur  at  a  temperature  of  212"*,  which  vapour 
could  not  be  formed  without  extracting  its  latent  heat  from  the  surrounding 
water. 

I  made  some  experiments  in  December,  1896,  with  the  object  of  deter- 
mining the  actual  volume  occupied  by  the  bubbles  of  mixed  air  and  water 
vapour  under  the  conditions  obtaining  in  the  trials.  The  pressure  on  the 
water  in  the  discharge-pipe  was  10  inches  of  mercury  very  nearly. 

The  method  adopted  was  as  follows : — 

I  put  a  depth  of  about  two  inches  of  mercury  into  the  bottom  of  a  strong 
bolt-head  flask,  and  above  the  mercury  I  poured  in  1^  lbs.  of  water.  This 
filled  the  flask  nearly  to  the  brim.  A  rubber  stopper,  through  which  passed 
a  glass  tube,  was  then  pressed  into  the  neck  of  the  flask,  the  glass  tube  being 
of  such  a  length  that  the  insertion  of  the  stopper  displaced  mercury  only  up 


Fig.   11. 

Mercury  was  poured  into  the  gla^s  funnel  at  ^4,  and  it  wius  raised  till 
there  was  a  solid  cohnnn  of  mercury  from  the  bottom  of  the  Ha«k  to  the 
surface  in  A.  The  water  in  the  beaker  was  then  heated  by  a  Bunsen  flame  till  it 
boiled.  This  boiling  was  continued  during  a  whole  day,  the  water  in  the  beaker 
being  replenished  as  rec[uired.  ^)'  adjusting  the  level  of  the  free  surface  of 
the  mercury  at  ^l,any  required  pressure  could  be  put  on  the  vapour  coluuui 
which  formed  over  the  water  in  the  flask  neck  and  displaced  some  of  the 
mercury  from  the  bottom.  Also,  by  suddenly  raising  the  pressure,  the  vajwur 
was  compressed  and  cold  mercury  flowed  down  into  the  flask,  condensing  the 
vapiKir  in  the  neck  as  it  descended.  By  this  means  the  water  in  the  fl;v^k 
could  be  made  to  boil  briskly  for  a  few  moments  now  and  then,  so  ;is  to 
facilitate  the  escape  of  the  air.     At  the  close  of  the  day  the  levels  of  mercury 
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and  water  were  adjusted  so  as  to  give  the  requisite  pressure  on  the  vapour 
column.  The  length  of  this  column  was  then  measured,  and  knowing  the 
diameters  of  the  flask  neck  and  tube,  it  was  easy  to  calculate  the  volume  of 
vapour. 

This  was  2'2  cubic  inches. 

If  this  be  re<luced  to  a  temperature  of  32°  and  atmospheric  pressure,  the 
proportion  of  air  by  volume  appears  to  be  1*6  per  cent. 

This  number  is  considerably  less  than  tlie  25  per  cent,  already  mentioned, 
but  as  it  was  determined  under  conditions  which  approximated  closely  to 
those  which  held  in  the  main  trials,  it  was  used  in  the  calculation  of  the 
correction  given  below. 

The  weight  of  water  vapour  at  a  temperature  of  212°  per  cubic  foot 

=  003797  lb. 

Therefore  the  correction  due  to  the  loss  of  the  latent  heat  necessary  to 
evaporate  this  weight  of  water,  is,  relatively  to  the  180  thermal  units 
generated  per  lb.  of  water  discharged  by  the  brake, 

4       2-2       003797x966     ^^^^o, 
5^1728^  180  =«'^^^2^- 

The  correction  factor  is  therefore  (1  —  0*00021). 

IV.  Reduction  of  the  Weighings  to  Vacuo. — (Part  I.,  par.  41.) 

60.  Taking  the  density  of  water 

=  62-425, 

and  of  air  at  32°  Fahr. 

=    008073, 

and  also  assuming  70°  Fahr.  as  the  mean  temperature  of  the  engine-room 
during  the  trials,  the  correction  factor  becomes 

4Q3  1 

1  -  008073  X  *^  X  ^^ ^^.  =  1  - 000120. 
531      62'42o 

In  the  calculation  of  this  factor  it  must  be  borne  in  mind  that  the  density  of 
the  air  causes  errors  of  equal  magnitude  in  the  measurement  of  both  work 
and  heat  on  account  of  the  alteration  of  apparent  density  of  the  cast-iron 
weights  used  on  the  brake  and  on  the  lever  of  the  weighing  machine. 

V.  Varying  Specific  Heat  of  the  Water.— {Part  I.,  par.  51.) 

61.  According  to  Regnault  the  mean  specific  heat  of  water  between 
freezing  and  boiling  points  is  1'005,  assuming  the  specific  heat  unity  at  the 
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\ovtt*r  tt'mpcratnnv  If  hi»  tbrmula  for  llie  M|KH^ific  hoiit  be  eorn?cl,  then  a 
a»rr«?cUoii  flic  tor  uf  (1  -  01)0006)  xm  nmL^tmkry  to  muke  the  value  of  K  d^fifrf 
from  the  triabi  repn^i^nt  thi»  mean  sptHjific  heat.  This  fiicfcor  is  iotrodocwl 
beeiiuse  it  wa«  not  «tric!tlj  the  whole  range  of  teiiif>4^rature  between  frpenug 
and  boiling  points  which  was  dealt  with  in  tho  t.rial^^  for  tho  c^ld  wat^r  sop* 
plicMl  t.t>  the  bnike  had  variotm  tempomtnres  mnging  from  S2  7  to  S4;i\ 
Thi«  mmKstion  would  only  jnst  aff€»et  the  second  deniinal  place,  And  in  tmit 
Hifkmtian  of  the  uncertainty  that  eKiKti*  as  to  the  exact  vtUne  of  the  «pec' 
heat  i>f  water  at  any  temperature,  1  do  nijt  propose  to  use  a  correetion  fk 
on  thip?  ai*cy>unt 

VI.     Cmtectiom  due  Ut  t/te  FnU  in  Pf*essure  betufemt  tfif  Sufij/jlt^  a§ii 

Dimharffe  Pipes, 

fli     Fi'oni  obsurvationn  tiiktui  <m  October  Ut,  1S96,  I  determined  tfi« 
pf<?i^»«iv  on  the  thennomek^r  in  the  ^tujiply  pipe  to  be  : — 

In  the  120^>  ft..'lb  trials 15  inchas  of  mereuiy, 

000      ,,        „       .,,....,,....,, 11 

.        iOO m        .. 

I  have  alreaiJy  stated   that   thf»  preamire  on    the   thoruioiiieter  in  the 
dificharge  pipe  was  11*3  feet  of  water  in  all  triala  j 

From  these  varying  pressures  two  corrections  arc  obtained  as  folio wi*:— 

{a)  Elev^ation  of  Temperature  Readings  by  the  Pressure  on  the  Ther- 
mometers. 


i 

! 

1200  ft.-lbs. 

600  ft.-lbs. 

400  ft.-lbs. 

Pressure  on   therinonieter  bulb  in 

15  0 

110 

.9-7 

supply  piiK^  in  inches  of  mercury 

Consequent  elevation  in  re<ulings  of 
1         tenii>erature  (O^'OOTS  i)er  inch) 

0    U)8 

O-071)2 

0  OGt^S 

Pi-cssui-e  in  discharge  pii>e  in  feet 
of  water 

11-3 

11-3 

11-3 

Consequent  elevation  in  readings  of 
discharge    teni})er;iture    (0"-00()6 
per  inch  of  mercury) 

O^'OGCy 

0°006 

0-00(3 

Percentiige  coritK'tion  to  heat  ob- 
tained 

0-042 
1-8 

0-013 
1-8 

0-004 
1-8 

=  00233 

=  00072 

=  0-0022 
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If  we  now  confine  our  attention  to  the  combination  of  1200  and  600  fb.-lb. 
trials,  the  relative  correction  to  the  difference  of  heat  is 

0000233 -i_x  0-000072^^.^^^3^^ 

3 

%.€.,  the  correction  factor  to  K  on  this  account  is 

(1-0000394). 

Considering  next  the  1200 — 400  ft.-lb.  determinations,  the  relative  cor- 
rection to  the  difference  of  heat  is 

0000233 -i  X  0:000022  ^  ^^^^^ 

3 

which  makes  the  con-ection  factor 

(1  -  0000339). 

On  the  mean  value  of  K  deduced  from  the  trials,  1  propose  to  make 
this  factor 

(1  -  000037). 

63.     (b)  Generation  of  Heat  in  the  Water  on  account  of  the  Loss  of 
available  Head  between  the  Supply  and  Discharge  Pipes.     (Part  I.,  par.  53.) 


1200  ft-lbs. 

GOO  ft.-lb8. 

400  ft.-lb8. 

17-0 

12-45 

10-98 

5-7 

115 

-0-32 

5-7 

115 

-0-32 

1-8x777 

1-8x777 

1-8x777 

=00041 

=0-0008 

=  -0-0002 

I 


Plead  in   supply   pii>e    in    feot  of 
water 

Loss  of  head  l)ef[>re  reaching  the 
discharge  pipe  in  feet 

Correction   required  by  the  work 
given  in  the  tiibles  per  cent. 


Therefore  the  correction  factors  re(|uired  are — 
(a)     For  the  1200—600  ft.-lb.  determinations 

J  ^ 0:00p04L-_lx  0000008 ^ ^ ^  ^ ^^^^^^ 

3 

(/8)     For  the  1200—400  ft.-lb.  determinations 

J  ^  0:000041  -J  X  0000002  ^ ^  ^ 0000063). 

f 

This  fiEtctor  also  I  propose  to  give  the  value 

(1  +  0-00007), 
when  applied  to  the  mean  value  of  K  deduced  from  all  the  trials. 
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VII,     Corr9Bii0n  dm  to  the  nmnner  of  En^agentent  of  iiie  RemluUm  (V 
wUh  the  Evfftne  Shaft. — (Part  L,  par,  34,) 

64,  Tbe  gpifidlt  nf  the  eoiiuter  carrii^d  a  wire  piu  parallel  wtth  the  i 
iif  rcvuhitum^  which  pin  was  driven  by  ao other  carried  by,  and  paa^sing  3 
riglit.  aH^h'i>i  thri>iigh,  tlio  jixLh  of  the  Hpmdle  nmkiDg  eauEieetiou  with  dl^ 
engine  s«hafl. 

The  mean  chance  was  thert*foi'e  that  at  every  eogagement  of  the  ^m, 
with  the  shaft  one- fourth  of  a  revuhitioii  wmikl  Ix*  lust  by  the  instrumeflC 
while  on  diwengaging  the  c^uu^tl*J■  ntupjied  the  insUviit  it  wa^^  withdrawn 

'llie  work  in  tivt^ry  triiil  f^hotild  tht^ref4»re  bts  increased  to  c<im|j»eiKssiLe  £pf 
thiH  h)t^. 

The  nnmhar  of  revnhitians  was  approxiumtelj  18,000, 

Thi!  correction  factor  is  therefore 

65.  A  summary  of  these  corrections  is  appended. 


Oause  of  eorrection 

U«gnitiidfi  ua4  iliB 

+ 

- 

t. 

t jerigth  <  if  tevpr  , , , » « « , . , , 

0-00003 

Nogieoted 

O-OCiiiOT 
0*Q00I>1 

Oi)0O2l 
ODOlitJ 

f^-OOlTS 

JH.ssolvi'd  ^%\b^   .,.,, ..,..,... 

l)iH*uil\'f«<i  nir  ..., .......,,.* .,,* * 

IV. 

V. 

VL 

vn. 

Wc'igli t  1  if  atTin j«j »Iiorc  ,.......,...„.,,....,*,. 

Varviiitj  ,H]>euiHc  iicjtt  uf  water,,...,,,,.,* 

(tf)  Eftbt  t  tif  iin3,ssurc  on  theniimiiGti^rh    „,,„ 
(h)   LiKHH  (if  1  joati  in  the  wnter , . , , 

Eiigiigemeiit  of  i^vulution  i^^mnter.. »...,.,,.,.., 

Totals ,. 

0130053 

Therefore  the  final  correction  factor  is 

(1  -000125). 

G().  Applying  this  correction  factor  to  the  value  obtained  from  the 
experiments,  we  get  for  the  value  of  the  mean  specific  heat  of  water 
betw^een    freezing   and    boiling    points,    expressed    in    mechanical    units,  at 


Manchester, 


777-91(1  -000125), 
776-94. 
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Although  no  part  of  this  research,  it  may  be  iuteresting  to  notice  that 
reduced  to  the  latitude  of  Greenwich  this  becomes 

77707, 

and  reduced  to  latitude  45"  at  sea-level 

777-53. 

Expressed  in  metre-gmmmes  and  the  centigrade  unit  of  heat  this  last 
value  becomes 

426-58. 

The  value  of  g  being 

980-63, 

we  have  for  the  mean  value  of  the  specific  heat  of  water  between  0°  and 
100' C,  expressed  in  absolute  c.o.s.  units, 

41,832,000  ergs. 

Making  use  of  Regnault's  formula  for  the  specific  heat  of  water  at 
different  temperatures,  this  would  give  the  mechanical  e<iuivalent  of  the 
heat  required  to  raise  1  lb.  of  water  at  60°'5  Fahr.  through  I''  Fahr.  at 
Manchester  as 

773-74  ft-lbs., 

and  taking  water  at  32°  Fahr.,  this  gives 

77307  ft.-lbs. 

Similarly  expressing  the  result  in  absolute  c.G.s.  units,  we  have  for  the 
mechanical  equivalent  of  the  heat  necessary  to  raise  1  gramme  of  water 
through  l""  C  in  latitude  45°  and  at  sea-level 

(a)     From  a  temperature  15°-8  C 41,660,000  ergs. 

(6)  „  „  0°C 41,624,000  ergs. 
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Table  A-^^5howing  the  Phelh 
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Dt,  600  ft.  lbs. 
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(>Se^  e/frf  of  Volume.) 
PLATE   1. 

From  a  photograph  in  1888.  Is  a  front  view  of  the  triple  expansion  engine;> 
(100  H.-p.)  and  hrakcs,  ius  they  existtnl  in  the  engineering  laV>orat(jry,  Owens  Colk^(% 
Ixifore  any  modi  Heat  ions  for  the  determination  of  the  equivalent.  The  engine-shafts  are 
disconnected  from  e<vch  other,  and  are  working  on  three  seiMinite  brakes.  In  the  trials 
the  three  large  pulleys  (5  feet  in  diametor)  werc  removed  with  the  brakes  on  the  high- 
l>ressure  and  intennediate  engines,  and  the  engine-shafts  coupled  by  intermediate  shafts, 
the  work  being  all  al)Sorl>ed  by  the  brake  on  the  low-pressure  engine—  seen,  on  the  right 
hand  of  the  plate,  overhanging  the  hust  l)Ciiring  of  the  brake-shaft.  On  tliis  shaft  are  two 
heavy  3-feet  pulleys,  which  served  as  fly-wheels  diu'ing  the  trials. 

It  was  the  facilities  aftbnled  by  this  brake  and  its  appurti'nances  (§  11)  tiiat  suggesteii 
the  i-eseiirch  and  rendered  it  possible :  and,  although  the  method  of  admitting  the  water 
and  air  to  the  brake  w;xs  necessiirily  modified  in  the  experiments,  the  brake  remained 
essentially  the  siimc.  Part  of  the  trials  was  made  with  the  brake  iuic<:>vereil,  iis  .-eeii 
in  this  plate  ;  and  it  was  after  the  brake  w<is  covered  that  the  suV)sc<:pient  photr>gr:iplis 
were  tiiken. 

The  vertical  pipe  supplying  the  town's  water  from  the  service  tiink  to  the  brake, 
with  the  hand-cock  and  the  automatic  inlet-cock  above,  le^iding  through  the  bowed  pipe  and 
flexible  indiarubber  tul)e  to  the  inlet  passage  over  the  bush  of  the  brake,  are  seen  on 
the  immediate  right.     Immediately  on  the  left  and  a  little  l.)ehind  and  lower,  is  another 
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bowed  pipe  leading  from  the  top  of  the  brake,  with  a  gap  in  it;  this  is  the  air  passf^ 
leading  through  the  vanes  to  the  centres  of  the  vortex  chambers,  to  secure  atmo8i)heric 
pressure  there.  The  suspended  and  riding  loads  on  the  lever,  the  dash-iK)t,  the  front  stop 
on  which  the  lever  rests  (not  being  at  work),  are  also  seen.  The  hand  wheel  for  adjusting 
the  height  of  the  lever  when  at  work,  the  linkage  connecting  the  automatic  inlet  and 
outlet-cockM  with  each  other  and  with  the  front  stop,  together  with  the  outlet -c<Kjk,  tlie 
receptivcle  for  waste,  and  the  drip-can  for  the  water  escaping  from  the  front  bush,  can  be 
traced,  though  they  are  obscure  in  thi.s  plate. 

Up  high  on  the  photograph  is  seen  a  shaft  with  two  large  pulleys;  these  are  for 
connecting  the  scjwirate  engine-shafts  by  belts  and  roi)e  (seen),  and  have  no  j)Lvcc  in  the 
trials.  But  the  bright  shaft  immwiiately  below,  seen  an  driven  by  a  rope  pulley  from 
behind  the  wall  of  the  engine-room,  is  the  line  shaft  driven  by  the  se))anite  engine,  always 
running,  which  afforded  most  in4)ortjint  facilities  for  the  research. 


PLATE  2. 

Fnmi  a  photograph,  1896.  Also  shows  a  front  view  of  the  engine-room,  but  taken 
more  to  the  right ;  it  inchides  only  the  low-pressure  engine.  It  shows  a  general  front  view 
of  the  appliances  in  the  condition  in  which  they  were  during  the  final  exi)eriments,  ixa  well 
as  some  of  the  standing  appliances  not  included  in  Plate  3. 

Low  down,  inmiediately  on  the  right,  is  the  front  of  the  weighing-machine,  with  the 
tank  resting  on  it ;  and  immediately  behind  this,  against  the  wall,  are  seen  the  mercury 
IwiLances  for  the  pressures  of  water  in  the  mains ;  also  the  town's  main  to  the  service  tiink 
(out  of  sight  on  the  right),  in  front  of  which  is  the  3-inch  quadruple  turbine  which  drives 
the  (U-inch)  quintuple  centrifugal  pump  (out  of  view,  behind  the  tank)  supplying  the 
brake  through  the  ice-cooler  (§  20).  On  the  left  of  the  tank,  and  iiassing  through  its 
cover,  is  the  water-switch ;  and  over  this  is  the  nozzle  of  a  vertical  piiKj,  straight  almost  to 
the  roof,  then  horizontal,  with  an  oi>en  vertical  branch,  to  form  an  air-ga^),  then  down 
again  into  the  lower  of  the  two  horizontal  pipes ;  this  is  the  stand-piixi  on  the  outlet  from 
the  condenser,  for  securing  pressure  in  the  final  thermometer  chamber  (§  22).  The  upiX5r 
of  the  two  horizontal  pii)es  is  the  water-jacketed  outflow  pipe  or  **condenser,"  which  jiasses 
to  the  end  of  the  room,  and  returns  as  the  lower  horizontal  pipe  to  the  stan(l-pi]>e. 
Immediately  on  the  left  of  the  plate,  standing  on  the  floor,  is  the  frame  for  the  hand- 
brake (§  30).  Besides  the  appliances  mentioned,  as  seen,  in  this  plate,  nciirly  all  the 
appliances  are  seen  in  front  view ;  but  many  are  better  seen  in  the  following  plates,  though 
this  plate  affords  the  best  view  of  the  genenil  arrangement,  and  the  best  ideii  of  the 
circumstances  under  which  the  olwervations  were  m^uie.  The  jKUssage  Ixitween  the  brake 
and  the  3-inch  pi|)e  supplying  condensing  water  to  the  engine  affbrtled  the  only  jKist  of 
observation  for  the  <5ounter,  thermometers,  speed-gauge,  and  pressure-gauges.  The  centri- 
fugal sj)eed -gauge,  with  its  scale,  is  seen  rising  vertically  from  Ixjhind  the  small  pressure- 
gauge  on  the  brake. 


PLATE  3. 

This  is  a  nearer  and  simplified  front  view  of  the  more  s{)ecial  appliances  shown  in 
Plate  4.  Proceeding  from  the  right  is  the  switch  and  outlet  nozzle  from  the  condenser, 
with  the  water  flowing  into  the  tank  over  the  thermometer.  From  the  switch  may  be 
traced  the  linkage  forming  the  automatic  connection  of  the  switch  with  the  counter, 
immediately  in  front  of  the  covered  bush  of  the  brake.  Supported  by  the  original 
supply  pi{)e  to  the  brake  (the  hand-cock  being  shut)  is  seen  the  new  inlet  pipe  from 
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the  imvet^iU'n  ^«ihii»d  tlif»  hmkm,    'I'hi*  pipe,  rising  on  tbc  right  ^>m  liehiiid  tb»  l«ib* 
p*ij««*j  li  lira-nnh  l*i  the  hy-cluinn«b  Itvwliog  t<i  th*!  bushes  (not  »eao)  iMid  a  brantifc  di  tk 
hir^i  [jrr^ssut^vgiiiigft,  thi\n  to  the  regulatur  ;  tli^iiic^  the  wiitisr  tLown  upwanL^  pant  Uw 
t*r  the*  inlet  theniMHiieUT,  souie  cf  it  |Mu«4ijig  up  tlin.mgh  the  gk6»  tbennoQiet** 
ami  NO  Ut  wiusti^  thrttiT^h  the  muiW  pii>i^  at  th*5  in[>^  l>iit  the  tuaio  t*treaiii  jMifl^iri^'  t!ia« 
tlw*  mivereti  lwjri^.<inul  Imineh,  am  J  dowu  Urn  ilt^jtilile  iiMii^vnihber  |>iiie  iiiUj  the  bnJaj.    i)ii 
the  t*jp  nf  thif  !*mkc!  la  ucseu  thct  t»ow  iiir-piwfsage,  of  flcJtibli*  iiidijifcrublier,  leadiog  tij  the 
ve«Mi1  in  whi^h  h  the  uriifimid  ntnimpht^ff*,  which  is  fjonmscU'd  with  the  l»rfe  maRiur- 
gliiugi^  on  th*^  left^  al*w»  with  the  «yritig«.     The  iiuU»in/itir  otitBow  cMx^k  is  clearlj  t^eeu  imttg     ^ 
the  hnvkf%  uJm<i  the  curved   Hexihle   pi  [its   tJivrn^l  with  ctitton-wixil,  wbit^h    rtit^iTfii  d^J 
wivU^T  fhun  tilt*  f^Mtlkiw  L"i>i:k,  leaduig  ti«  l\w  ti.i*iil  ]y\{^''  Wbinil  thi^  iT£^^il/ttj>r,  til^^  covoi^^ 
in  which  \h  th0  Imlh  tif  t!ie  imtHiiw  tlvortii(>nioti?ri  and  iniiijediHt4?ly  over  thi»  the  glia 
thi^rn»onieteru'h(iniU*r,  with  itn  indiiimbk^r  tumtiintition  Itiodiug  itmik  tuta  tbeiii*iii  out- 
flfW  iihiiniiel  whirh  rifl*%s  iqi  liohind  tho  inlet  thk:irniarneter  ebamber,  till  it  turtiM  *t  r4|bt 
angleii  inta  the  tfintJi  n-.  i       P.ehind  mid  on  tho  Mt  of  the  brake  are  atsen  pttytrtidii^s  thi 
st-eniH  t>r  tho  thnnnoiit(  r.  J-  ii.r  nimtmnn^^  the  difli^vonee  o(  temjicmtuits  is  tlu»  sIl^fing-lNtt 
mid  tl»i5  im^r  bearing*      Of  the  tw*i  iNittUw  Ht^inding  tm  the  H^mr^   tltat  on  Ibe  M  it 
collt*ctiiig  tht^  I<>iLkage  ft^mi  tbt*  titulting  IwJit^   ami  the  other  the  leikluEige  caugbt  b 
indiunibbLtr  hag  DncloHiiig  thi«  »utouitttic  tjutflow  otxk. 


PLATE  4. 

Thiw  l^  II  Uick  view.  Ou  the  left^  elowe  in  front  of  the  Unk  on  the  wdghing'] 
over  whicli  la  the  condenser  lefidiiig  to  the  Hwitt'h,  is  seen  the  l|'inch  quintuple  cents 
pijiujKr  wiJh  ita  driving  gtvir  und  the  pi^io  supplying  it  fnmi  the  serviec  taiik.  On  tbe 
otbor  nkh  nf  tht^  Z4uv[i  |iiiw?  for  ct>ndensing  w&ter  fur  the  engine:*,  and  partly  l)chind  it,  w 
seen  the  in\ns  iert*.ltng  from  the  pmnp  up  itnd  along  lHL4nnd  the  3-inch  pi\ye^  then  ihvwu 
again  into  the  ice-bmk  (on  the  extreme  right  of  the  plate) ;  through  this  it  jvisses  in  a  coil, 
emerging  from  tlie  cover  again  ius  the  covered  piixj  rising  obliquely  to  the  regulator  and 
inlet  thermometer  chamlKJi-s  (not  seen),  with  the  branch  to  the  pressure -gauge.  The  siuidl 
horizontiil  branch  connng  through  from  l)eneiith  the  pressure-gauge,  continued  by  the 
covered  indiarubl)er  pipe,  pa>}sing  l>eliind  the  vortex  vessel  of  the  speed-gauge  to  the 
stutbng-box,  is  one  of  the  by-paths  biking  ice-cold  water  to  the  bushes;  that  on  the  left 
is  behind  the  brake.  The  outlet  thermometer  chamber,  with  its  indiarubber  continuation 
to  the  main  outHow  chaimel  into  the  condenser,  is  also  clear ;  iis  are  also  the  belt  and 
pulley  driving  the  paddle  in  the  ice-tank. 


PLATE   5. 

This  is  again  a  back  view,  but  Uiken  so  jxs  to  show  the  appliances  up  to  the  end  of  tlie 
engine-room,  not  seen  in  the  previous  plates.  In  the  middle  front  is  seen  the  6-inth 
quadruple  centrifugal  pump  in  circuit,  with  the  rising  4-inch  main  from  the  lower  tink  to 
the  tank  in  the  tower  (§  3),  together  with  the  l>elt  from  the  line  shaft  by  which  this  pump 
is  driven.  Inmiediately  on  the  left  of  this  plate,  standing  on  a  bench,  is  the  end  o(  the 
3-inch  quadruple  vortex  turbine,  driven  by  water  from  the  tower,  and  driving  by  a  cord 
the  U-inch  quintuple  centrifugal  pump.  The  stiindard,  the  lever,  and  the  hirge  riding 
weight  of  the  weighing-machine,  with  the  U\i\k  l)ehind,  are  completely  in  view;  and  over 
these  again  appears  the  condenser  for  cooling  the  efliuent  water,  passing  to  the  end  of 
the  rwm  and  i-eturning  underneath  to  the  stand-pii>e  and  thence  to  the  switch. 
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PLATE  6. 

This  is  from  a  photograph  of  the  apparatus  for  correcting  the  high  temperature  thermo- 
meter. On  the  table  is  the  barometer,  and  to  the  right  is  the  vai)our  chamber,  in  which 
the  thermometer  is  immersed  through  the  cork  on  the  top  as  far  as  to  leave  the  top  of  the 
mercury  visible.  The  escape  passage  and  regulator  are  seen  on  the  right.  The  pipe 
leading  from  the  top  is  the  connection  of  the  vapour  chamber  with  the  lower  nierciu-y 
chamber  in  the  barometer.  This,  after  passing  through  the  fl.isk,  receives  by  the  branch 
(seen)  a  slight  current  of  air  from  the  pressure  reservoir,  with  the  top  of  which  it  is 
connected  by  a  restricted  pipe,  so  that  the  current  is  so  slow  that  the  resistance  is 
negligible,  though  sufficient  to  prevent  the  va^xjur  ^jassing  to  the  barometer ;  the  pressure 
of  air  in  the  i*eservoir  is  shown  by  the  large  mercury-gauge,  and  is  maintained  by 
occasional  pumping  with  the  syringe  seen  in  connection.  The  nozzle  on  the  l^arometer, 
to  which  the  air-passage  is  connected,  leads  into  the  Ciist-iron  bottle  which  forms  the 
mercury  chamber,  above  the  surface  of  the  mercury.  The  level  of  this  surface  is  observed 
through  the  circular  windows,  of  which  that  which  is  in  front  is  shown  to  the  left  of  the 
axis  of  the  barometer,  above  the  nozzle.  Immediately  above  this  window  is  seen  the 
cylindrical  brass  curtain,  which  screws  on  to  the  neck  of  the  bottle,  by  which  the  light 
through  the  windows  over  the  mercury  can  be  eclipsed.  Attached  to  this  curtain,  and 
co-axial  with  it,  is  the  outer  brass  tube  extending  up  to  the  gap,  with  a  vertical  scale 
attached  reaching  past  the  gap.  Behind  the  vertical  scale,  and  screwed  into  the  tube  on 
the  lower  curtain,  is  a  tube  screwed  throughout  its  length,  and  having  two  imrallel  slots, 
as  windows,  some  5  inches  long,  through  which  the  upi)er  limb  of  the  mercury  may  be 
observed.  From  the  top  of  this  windowed  tube  downward  is  screwed  the  cap,  the  lower 
limb  of  which  forms  a  cylindrical  curtain  for  eclipsing  the  light  over  the  up|)cr  limb  of  the 
mercury  (§  48). 


n  the  Forty4kird  Vdnmn  uf  the  ''  Mcjmoirs  and  Froceedillga  of  tlie 
Manchester  Liteniry  uikI  PhilLfc&iiphical  Stx^iety."    Session  IH9H^ — f*.] 

{Ueeeiwd  and  read  Fitljrimiy  7th,  189D.) 

The  8lip})erine8»  of  ice  is,  and  has  been,  one  of  the  most  ooticeablevJ 

int 01^*8 ting,  and  iniportaat  drcimisUnacs  uotJer  which  wv  live,  as  well  a^  one 
of  the  comtoouasL  Ice  is  not  the  oulj  slippery  thiuj^  in  the  world,  but  it  is' 
the  only  one  of  all  the  solid  8ubstanct?s  which,  in  tlu.'  condition  nature  has 
leflb  them  on  the  surface  of  the  earth,  possesses  the  property  of  perfect 
slipperiness.  This  being  so,  and  being  commonly  known  to  be  so,  it  is 
certainly  remarkable  that,  whatever  may  be  the  reason,  there  appears  to  have 
been  little  or  no  curiosity  tis  to  the  physical  significance  of  the  unique 
property  which  ice  possesses.  Speaking  for  myself  this  is  simply  explained : 
ice  w;i.s  slippery  when  I  was  born,  I  never  knew  it  otherwise,  and,  to  put  it 
shortly,  it  was  slippery  because  it  was  ice,  whereas  it  now^  seems  to  me  that, 
of  all  the  secrets  nature  has  ccnicealed  by  her  method  of  deadening  curiosity 
by  leaving  them  exj)()sed,  in  this  her  method  has  been  the  most  successful. 

The  cause  of  my  ultimately  discovering  the  secret,  unsought  by  me,  was 
an  jR-cident,  though  brought  about  by  another  line  of  research.  The  other 
sources  of  j^erfect  slipperiness  are  com]>lex  ;  a  smooth  solid  surface  covercnl 
by  a  viscous  fluid,  as  a  well-greased  board,  is  perfectly  sli|)pery  just  as  ice  is, 
which  fact  had  been  takiii  for  granted  nuich  in  the  same  way  as  the  slip|K'ri- 
ness  of  ice,  neither  more  nor  less. 

That  surfaces  of  machines  would  not  slip  over  each  other  without  grease 
was  well  known  and  followed  out,  l)ut  the  physical  significance  of  the 
action  was  a})parently  not  (piestioned   until,  in  1S84,  Mr  Beatichamp  Tower', 

1  Proc.  Imt.  M.  £.,  Nov.  188H  and  Jim.   1884. 
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while  making  experiments  as  to  the  resistance  of  a  railway  journal,  accident- 
ally came  across  a  fact  of  very  striking  significance. 

In  this  experiment,  instead  of  using  an  axle,  Mr  Tower  used  an  overhang- 
ing shaft  driven  by  a  steam-engine,  the  shaft  being  supported  on  bearings  in 
the  usual  manner.  The  overhanging  portion  of  the  shaft  was  turned  to  the 
same  shape  as  one  of  the  journals  of  a  railway  wheel,  four  inches  in  diameter 
and  six  inches  long.  On  this  journal  the  ordinary  axle-box  was  suspended, 
the  load  to  correspond  with  the  proportion  of  the  weight  of  a  loaded  truck 
being  suspended  from  the  axle-box  underneath  the  shaft.  The  axle-box  had 
the  usual  brass  wearing-piece,  and  the  provision  for  lubrication  was,  as  usual, 
an  oil  or  grease  cup  communicating  through  a  vertical  oil-hole,  so  that  the 
oil  might  descend  by  gravitation  through  the  brass  on  to  the  surface  of  the 
journal,  and  thence  escape,  after  being  used,  to  the  ground.  This  was  in  the 
first  instance,  but,  after  experimenting  in  this  way,  Mr  Tower  proceeded  to 
find  what  would  be  the  effect  on  the  resistance  if,  instead  of  allowing  the  oil 
or  grease  to  escape  freely  from  underneath  the  journal,  the  whole  under  side 
of  the  journal  was  encased  in  a  vessel,  so  as  to  form  a  bath  of  oil  in  which 
the  journal  would  be  completely  covered. 

In  commencing  these  experiments  with  the  bath,  Mr  Tower  noticed  with 
surprise  that,  although  the  oil  in  the  bath  did  not  cover  the  top  of  the  brass 
when  the  journal  was  at  rest,  when  in  motion  the  oil  escaped  upward  against 
gravity  through  the  oil-hole,  and  as  this  was  inconvenient,  tending  to  empty 
the  bath,  he  drove  a  plug  of  wood  into  the  hole  and  tried  again,  when  to  his 
still  greater  surprise  he  found  that  the  oil  forced  out  the  wooden  plug.  This 
led  him  to  fit  a  pressure  gauge  to  the  hole ;  this  immediately  rose  to  the  top 
of  its  scale,  200  lbs.  per  square  inch.  Then,  realising  that  he  had  before  him 
evidence  of  an  action  in  lubrication  until  then  unsuspected,  Mr  Tower 
turned  his  attention  to  its  experimental  investigation,  finding  that  when  the 
journal  was  run  at  400  revolutions  a  minute,  the  pressure  on  the  square  inch 
indicated  on  the  gauge  was  somewhere  about  3/2  of  the  pressure  necessary, 
if  distributed  over  the  whole  horizontal  area  of  the  section  of  the  bearing, 
to  sustain  the  load.  The  pressure  in  the  oil-hole  would  be  600  lbs.  per 
square  inch  when  the  total  load  was  9,600  lbs.,  whence,  as  the  area  of  the 
horizontal  section  was  24  square  inches,  the  mean  intensity  of  pressure 
would  be  400  lbs.  This,  however,  was  only  when  the  speed  of  the  journal 
was  greater  than  a  certain  limit  depending  on  the  load ;  when  the  speed 
diminished  below  this  limit,  the  pressure  on  the  gauge  fell  to  any  degree 
below  that  necessary  to  sustain  the  load.  But  this  was  not  all.  When  the 
speed  was  such  as  to  sustain  the  load,  the  friction  was  1  in  400,  but  when 
running  slow  the  friction  reached  1  in  3,  or  the  journal  seized  the  brass. 

Taking  these  two  things  together,  it  made  clear  the  fact  which  had 
never  been  surmised  before,  that  the  action  of  lubrication  consisted  in  the 
actual  separation  of  the  solid  surfaces  by  a  film  of  fluid  of  finite  thickness. 
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These  tii«€(>verie,H  of  Mr  Tower  exeited  great  intetBst  at  the  time,  mi, 
imug  myself  ucriipieti  in  tho  fttmJy  of  tiuid  motion^  I  was  induced  tu  under- 
take the  theoretical  analysis  of  Mr  Tt>wer*»  experimental  i*esults,  from  irliifb, 
after  two  years'  work,  I  was  able  ti»  puhlish  a  coniplete  thiHiry  of  lubricaucm', 
nhuwitig  that  not  only  in  the  amt*  of  the  inl-batht  when  the  thickaes5t  of  the 
sepamting  film  of  oil  was  about  2/1  ♦000th  of  an  inch,  hub  in  (^«es  of  otdimtj 
lubrication  where  the  thicknesjs  of  the  film  Ia  leas  than  "0001  of  an  inchjlie 
surfaces  are  separated  by  a  complete  fihii. 

This  is  very  strikingly  indicated  by  a  rarely  shown  but  simple  ejcperimeui 
Two  cylindrical  hard  steel  gauges,  male  and  female,  one  inch  in  t]iam<-ler, 
made  to  gauge  to  within  l/2U*000th  of  an  inch  will  not  pass  one  into  the  rjther. 
if  wiped  as  clean  as  possible  of  all  oil»  without  the  use  of  great  pressure  ori»f 
a  mallei  If  oiled  luid  kept  moriog  they  cjin  be  easily  passed  one  into  the 
other.  But  .should  the  motioo  be  arrested  for  a  Becond»  tliey  ^ize  and  cm 
only  be  separated  by  the  rnallet,  which  shows  that  a  film  uf  oil  less  than  the 
1 /20,000th  of  an  inch  k  sufficient  to  sustain  perfect  slipperiDefis,  while  th© 
least  contact  destroys  this  property. 

My  research  also  led  to  the  recogiiition  that  the  property  on  which  the 
lubricating  action  depends  i«  the  viBCosity  of  the  fluid,  and  that  all  fluids  JUt 
lubrieanLs  provided  they  iire  not  corrosive.  Air  bil»ricates,  as  is  nhtmn  by 
the  floating  of  one  true  surface  plate  on  another  with  perfect  t^ltpperiii^ai 
Now  water  hiid,  at  the  time,  not  been  recognised  m  a  lubricant  i  its  viiscositj  , 
is  from  200  to  400  times  less  than  oil,  but  from  my  research  it  appeared  tl^H 
it  m  a  lubricant  in  prnportifJii  to  its  visnosity. 

All  this  is  now  matter  of  history,  and  its  bearing  on  the  slipperiness 
of  ice  may  not  as  yet  be  clear.  Btit  it  has  a  fundamental  bearing  never- 
theless. 

It  wiis  about  1886,  while  I  had  this  subject  of  lubrication  ver^'  fresh  in 
my  mind,  that  I  wjis,  for  some  reason,  using  a  common  soldering-iron,  and 
was  in  the  act  of  testing  the  copper  point  of  the  hot  iron  to  see  if  it  was  hot 
enough  to  melt  the  solder,  when,  from  some  cause  or  another,  instead  of 
merely  touching  the  block  gently  with  the  point  of  the  copper,  I  must  have 
pushed  the  sloping  edge  obliquely  and  somewhat  roughly  on  to  the  flat  top 
of  the  block,  for,  to  my  surprise,  instead  of  melting  a  little  pock  in  the 
surftxce,  the  square-edged  side  of  the  copper  slipped  without  friction  right 
along  the  face  of  the  solder.  It  was  a  perfectly  casual  accident,  but,  under 
the  circumstances,  it  caused  me  a  sense  of  mental  shock,  as  I  instantly 
recognised  the  analogy  to  the  skate. 

The  barely  hot  enough,  parallel  sharp  edge  of  the  copper,  pressed  .and 
pushed  forward  on  the  block,  was  just  able  to  melt  the  immediate  surface, 
which  completely  lubricated  the  iron  on  the  solder  beneath.  The  then  well- 
known  property  of  the  lowering  of  the  melting  point  of  ice  under  pressure  at 

1  FhiL  Trans.   1886,  Pai-t  I.,  pp.  157—234,  p.  228  in  this  volume. 
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once  presented  itself;  the  shock  was  the  result  of  the  instantaneous  reflection 
that  I  had  never  before  thought  of  considering  why  ice  was  slippery. 

On  trjring  to  remember  whether  I  had  ever  heard  of  any  attempt  to 
explain  the  slipperiness  of  ice  in  any  way — for  I  felt  at  the  moment  as 
though  everyone  was  laughing  at  me — I  found  that  I  could  not  recall  any 
mention  of  the  subject.  And  then,  in  self-extenuation,  I  reflected  that 
water  was  not  recognised  as  a  lubricant,  so  that  even  James  Thomson  himself, 
or  his  brother,  Lord  Kelvin,  might  have  failed  to  realize  that  the  melting  of 
the  ice  under  the  pressure  of  the  skate  would  lubricate  the  moving  skate, 
and  rendered  the  ice  slippery  to  any  hard  body  pressed  against  it.  I  also 
reflected,  that  had  not  my  mind  been  full  of  the  circumstances  of  lubrication, 
including  the  lubricating  properties  of  all  fluids,  I  should  not  have  recognised 
in  the  slipping  of  the  hot  iron  the  action  of  the  lubricant,  and  that,  even 
if  I  had,  I  should  not  have  attributed  like  properties  to  melted  ice. 


Of  course,  this  evidence  as  to  the  cause  of  the  slipperiness  was  altogether 
one-sided,  and  it  was  still  open  for  ice  to  have  other  properties  which  would 
account  for  the  slipping  besides  the  property  of  melting  under  pressure,  and 
it  was  at  once  plain  that  to  render  the  evidence  complete  it  was  necessary  to 
show  that,  under  circumstances  of  temperature  and  pressure  such  that  the 
pressure  was  nowhere  sufficient  to  melt  the  ice,  the  property  of  perfect 
slipperiness  of  ice  did  not  exist. 

Looking  carefully  into  the  matter  from  the  theoretical  side,  with  Lord 
Kelvin*s  determination  of  the  laws  of  the  melting  point,  00 14°  F.  for  each 
additional  atmosphere,  it  appeared  that  taking  a  weight  of  140  lbs.,  and  an 
area  of  l'4/10(=l/7)  square  inch,  a  man  skating  would  melt  ice  at  31°  F. 
with  a  skate-bearing  of  1*4/10  square  inch,  while  to  melt  ice  at  a  temperature 
of  22°  F.  the  bearing  must  be  reduced  l-4/100(=  1/70)  square  inch.  That 
is,  the  ice  at  22""  F.  would  have  to  be  able  to  sustain  a  pressure  up  to 
10,000  lbs.  on  the  square  inch.     That  ice  should  stand  such  pressure  at  first 
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sight  mem»  unlikrlv,  but  then  our  ^neml  impression  bb  to  t-lie  hanboi 
of  ice  is  derived  fniiii  ice  at  or  near  iti  melting  point. 

That  thiB  theory  admits  of  experimental  verification  m  certain,  but  such 
experiments  only  become  possible  when  the  geneiml  surroundings  Mt  &I 
a  temfierature  of  22"  F* 

It  waa  this  ex>nmderation  which  caused  me,  m  the  first  itisfcaiaoe,  todekf 
any  publication  (jf  the  facts  I  obfterved  until  there  came  a  frost  sufficienlfor 
my  pui'pobie.  Thei'e  have  been  frosts  of  sufficient  extent  when  my  prepaia- 
tions  w**n^  smt  ready,  and  my  preparations  have  been  ready  when  there  were 
no  frosUH ;  until,  at  last,  my  patience  has  given  way  and  I  have  determined 
to  wait  no  longerv  In  taking  this  decision,  howevt^r,  I  have  been  gmatlj 
influenced  by  my  general  observations  on  the  effect  of  the  tempemlurt 
DQ  the  ease  of  skating,  and  on  the  liability  to  slip.  I  ii«)t]ce  that  withoul 
l^eAt  care  you  caunot  walk  ou  iee  at  3 1  J''  in  leather  boots  without  aaik 
whertias  you  can  walk  safely  with  boot^  and  somewhat  blunt  na.il«  under  the 
same  circumstances;  with  a  tcmpemture  of  27°  yon  can  walk  with  t^tbar 
boots  almost  as  safely  as  on  any  polisiihod  tttwir,  while  with  somowhat  bltiiit 
nails  it  is  very  unsafe  to  walk  ou  uneven  ice. 

On  ice  near  32°  Nkattirs  find  no  reHiwt^^inee  however  slowly  they  may  man, 
while  on  hard  ice  it  is  necessary  to  move  quick ly,  or  the  sk&te^  seize,  showing 
that  the  ice  melt^  under  the  edge,  but  owing  to  the  small  area  of  lb« 
lubricating  surlace,  the  lubricant  is  squeezed  out  rapidly;  thus  deatraying  tbe 
lubrication  below  certain  speeds,  as  in  Mr  Tower*8  expeiiment.  H 

But  the  circumHtance  that  has  mo^^t  fnTifirnu'<l  me  in  the  view  that  the 
slipperiness  of  ice  is  due  to  the  lubrication  afforded  by  the  melting  under 
pressure  is  a  casual  but  emphatic  statement  made  by  Dr  Nansen,  in  his  book 
on  Greenland,  that  at  the  low  temperatures  he  there  encountered  the  ice 
completely  lost  its  slipperiness. 
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158,  524 


Friction  of  lubricated  bearings,  228 
„        in  reciprocatory  motion,  41 

Gases,  flow  of,  311 

Gravitation,  possible  explanation  of,  203, 217 

Harmonic  analyzers,  519 

„  motion,  25 

Heat,  mechanical  equivalent  of,  601 
HydrodjTiamics,  equations  of,  132,  258 
Hydraulic  brake,  353 

Ice,  slipperiness  of,  734 

Indicator,  errors  of  steam-engine,  163 

„         diagrams,  to  combine,  368 
Inertia,  forces  due  to,  1,  28 
Isochronous  vibration,  25 

Lifeboats,  qualities  of,  321 
Limits  to  speed,  1 
Lubrication,  theory  of,  228 

Mechanical  equivalent  of  heat,  601 
Media,  dilatancy  of,  203,  217 
Model  estuaries,  326,  380,  410,  482 
Motion  of  water,  two  manners  of,  51,  153, 
524 

Reservoirs  of  energy,  39 
Resistance  of  water,  law  of,  51 
Rivers  and  estuaries,  regime  of,  326,  380, 
410,  482 

Saturated  steam,  dryness  of,  591 

Speed,  limits  to,  1 

Stability  of  motion  in  water,  51 
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